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Abstract of the Dissertation 

Application of Atmospheric Pressure Plasma in Polymer and Composite Adhesion 

 

By 

Hang Yu 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2015 

Professor Robert F. Hicks, Chair 

 

 An atmospheric pressure helium and oxygen plasma was used to investigate surface 

activation and bonding in polymer composites.  This device was operated by passing 1.0-3.0 vol% 

of oxygen in helium through a pair of parallel plate metal electrodes powered by 13.56 or 27.12 

MHz radio frequency power.  The gases were partially ionized between the capacitors where 

plasma was generated.  The reactive species in the plasma were carried downstream by the gas 

flow to treat the substrate surface.  The temperature of the plasm gas reaching the surface of the 

substrate did not exceed 150 oC, which makes it suitable for polymer processing.  The reactive 

species in the plasma downstream includes ~ 1016-1017 cm-3 atomic oxygen, ~ 1015 cm-3 ozone 

molecule, and ~ 1016 cm-3 metastable oxygen molecule (O2
1Δg).  The substrates were treated at 2-

5 mm distance from the exit of the plasma.  Surface properties of the substrates were 

characterized using water contact angle (WCA), atomic force microscopy (AFM), infrared 

spectroscopy (IR), and X-ray photoelectron spectroscopy (XPS).  Subsequently, the plasma 

treated samples were bonded adhesively or fabricated into composites.  The increase in 

mechanical strength was correlated to changes in the material composition and structure after 
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plasma treatment.  The work presented hereafter establishes atmospheric pressure plasma as an 

effective method to activate and to clean the surfaces of polymers and composites for bonding.  

This application can be further expanded to the activation of carbon fibers for better fiber-resin 

interactions during the fabrication of composites. 

 Treating electronic grade FR-4 and polyimide with the He/O2 plasma for a few seconds 

changed the substrate surface from hydrophobic to hydrophilic, which allowed complete wetting 

of the surface by epoxy in underfill applications.  Characterization of the surface by X-ray 

photoelectron spectroscopy shows formation of oxygenated functional groups, including 

hydroxyl, carbonyl, and carboxyl groups, on the polymer surface after plasma treatment.  The 

resulting strength of the bond based on lap-shear and T-peel tests correlates well with the 

concentration of oxygen on the polymer surface.  The failure modes observed for lap-shear and 

T-peel tests changed from interfacial to cohesive after the plasma activation. 

 Treating carbon-fiber-reinforced epoxy composites with the atmospheric plasma resulted 

in the removal of fluorinated contaminants in shallow surface layers.  For contaminants that 

diffused deeply into the composite surface, mechanical abrasion was needed in addition to the 

plasma treatment to remove the impurities.  While cleaning the composite, plasma also generated 

active oxygen groups on the substrate surface.  The presence of these groups improved the 

adhesive bonding strength of the composite even in the presence of residual fluorine 

contaminants.  Thus, it was speculated that plasma treatment can promote better polymer 

adhesion with or without fluorine contamination. 

 Carbon nanotube sheets were also treated by the helium oxygen plasma, and the CNT 

surface turn from super hydrophobic to hydrophilic after a few seconds of exposure.  The 
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nanotube surface contained 15 % of oxygen in the form of hydroxyl groups.  Chemical coupling 

agents were added to the plasma activated CNT surfaces in order to crosslink the CNTs and to 

create bonding sites for the resin matrix.  Stretched, activated and functionalized CNT was cured 

with dicyclopentadiene (DCPD) to produce a sheet composite with a tensile strength of 636 MPa, 

a modulus of 28 GPa, and a density of 1.4 g/cm3.  This may be compared to aerospace-grade 

aluminum with tensile strength of 572 MPa, modulus of 72 GPa, and density of 2.7 g/cm3.  This 

work demonstrates that new high-strength composite can be produced with the use of 

atmospheric plasma activation and chemical crosslinking of the fiber matrix. 
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Chapter 1 

An Introduction to Polymer Surface Preparation for Bonding 

1.1 Introduction 

Macromolecular polymers are of great technological importance to modern 

society.  They have replaced metal and ceramic in applications all across the aerospace, 

automobile, consumer goods, electronic, and medical industries, and they have enabled 

new products unavailable previously.  Plastic, in comparison to metal and ceramic, is 

lighter, easier to process, and more resistant to corrosion [1].  In applications where high 

strength is required, fiber reinforcement can be added to the polymer matrix to produce 

composites with mechanical properties comparable to those of aluminum and steel.  In 

contrast to metals, plastics are bonded together adhesively instead of by mechanical 

fasteners.  The advantage of adhesive bonding includes weight reduction, uniform load 

distribution across the bonding surface, resistance to corrosion, and conformance to 

complex aerodynamic contours [2]. This, however, means that the quality of the bond 

between polymer and the adhesive plays a crucial role in these materials for structural 

applications.   

Wu et al. [3] has defined adhesion as the state in which two dissimilar bodies are 

held together by intimate interfacial contact, such that the mechanical force or work can 

be transferred across the interface. The interfacial forces holding the two phases together 

may arise from van der Waal forces, chemical bonding, or electrostatic interaction.  The 

mechanical strength of the system is determined not only by the interfacial forces, but 

also by the mechanical properties of the interfacia and the two bulk phases.  Surfaces of 
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commercial polymers are frequently smooth with inherently low surface energy, which 

makes them difficult to bond [4].  Surface preparation methods can be utilized to enhance 

adhesive strength by promoting higher surface energy, increased surface roughness, and 

modified surface chemistry.  In short, proper preparation of the polymer surface will 

enhance the polymer bonding strength and enables its uses in applications where applied 

stress is present. 

1.2 Polymers 

Plastics can be broken down into two categories, thermosets and thermoplastics.  

Thermosets start as a liquid at low temperature, but cure irreversibly with catalyst or heat 

by polymer cross-linking.  The cross- linking process transforms the thermosetting 

polymers into a rigid 3-D structure with high molecular weight.  Thermosets have high 

melting temperature, and in most cases, melt above the decomposition temperature. 

Thermosets, as the name suggests, cannot be melted or reshaped after they have been 

cured.  Thermoplastics are constructed of high-molecular-weight, long-chain polymers 

associated by intermolecular forces.  Due to the lack of chemical bonds in their 3-D 

structure, thermoplastics, when heated above the glass transition temperature, become 

soft and malleable, capable of being reshaped.  Thermosets are often selected based on 

their ability to withstand heat and pressure for long periods of time without failure.  

Thermoplastics, though not as strong and stable as thermosets, have higher impact 

resistance. Their ability to be shaped also makes them more valuable for certain 

applications.  Despite their differences, thermosets and thermoplastics are difficult to 

bond [5-7].  Plastics have smooth surface with low surface energy, which can prevent 
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uniform adhesive coverage as well as strong chemical bonds between the adhesive the 

polymer.   

1.3 Fiber reinforced composites 

Polymer resins can be mixed with fibers, including glass, carbon, aramid, and 

carbon nanotubes to achieve superior mechanical, thermal, and electrical properties.  The 

annual demand for fiber reinforced composites (FRC) in the United States is about 4% of 

domestic plastic production, and this number continues to rise [8-9].  Composites are 

widely used in aerospace, automotive and sports equipment.  A challenge to the 

manufacturing of FRC is the weak interaction between the fiber and the resin [10-11].  

The surface of carbon fibers, aramid fibers, and carbon nanotubes are composed of 

conjugated aromatic groups, which give them low surfaces energy and chemical inertness.  

These fibers are not easily wetted by the resin, and they are even less inclined to bond 

chemically.  A key to increase the contribution of fiber strength in the composite is to 

create chemical crosslinks between the fiber and the resin.  The fibers can be treated with 

plasma to enhance their bondability. 

1.4 Existing methods to prepare polymer surface for bonding 

The aim of plastic surface treatment is to increase wettability, create sites for 

adhesion, and promote stronger bonds across the interface [5].  In any surface preparation 

procedure, the first step must be cleaning and removal of dirt, grease and other 

contaminants from the surface [3,5].  When strong adhesion is required, additional steps 

involving mechanical abrasion, wet chemical etching, and plasma activation may be used.   
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Traditional plastic surface preparation uses organic solvents to degrease and 

remove organic contaminants.  In the past, solvents used for degreasing include 

trichloroethylene and perchloroethylene, and the treatment consists of wiping the surface 

of the plastic with a cloth saturated with the solvent [13-14].  Due to the toxic nature of 

these solvents, such a treatment usually requires specific vapor-degreasing units, and the 

banning of chlorinated solvents has eliminated their use.  More recently, the joint 

surfaces have been cleaned by wiping with a lent-free cloth soaked with acetone followed 

by the complete evaporation of acetone.  Acetone, however, is still considered a toxic 

solvent, thus this task must be carried out in a well ventilated work environment. 

In composite manufacturing for aerospace, nylon or polyester peel-ply is utilized for 

surface preparation during the fabrication of thermoset composites [5,15,16].  Peel-ply 

adheres to the surface of the composite laminate during its construction.  It protects the 

laminate from dirt, dust, and tool-side grease.  Composite laminates covered with peel ply 

can be store for up to months, and when needed, the ply is removed to create a fresh 

surface for bonding.  The peel-ply covered samples require only a minimal amount of 

preparation.  However, the peel-ply procedure has its drawbacks.  Dry plies tend to leave 

fiber residues as well as lubricants from the fiber weaving on the resin surface [15-17].  

More recent plies are pre- impregnated with low toughness resins layers to avoid the 

deposition of fiber on the bonding surface. However, the pattern of ply weaving is still 

transferred onto the laminate.  In addition, manufacturers of the peel-ply continue to 

utilize fluorine or silicone based lubricants to ensure easy release of the ply from the 

laminate.  Residues of the lubricants are frequently left on the bonding surfaces, and 

worst yet, fluorine and silicone can diffuse into the resin matrix when the laminate is 
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being cured.  This results in the need for mechanical abrasion following peel-ply removal.  

In addition, peel ply removal can damage to the bulk laminate.  Figure 1.1 shows a 

schematic of a fiber-reinforced-composite covered with peel-ply.  Lines marked 1-4 

indicate ways that the peel-ply can be removed from the laminate surface.  Line 1 is the 

ideal case in which removing peel-ply leaves a thin layer of the resin matrix covering the 

fiber-reinforcement.  Line 2 shows the scenario where ply-fiber has been lifted off 

leaving lubricant or impregnate residues on the surface.  Line 3 shows a case where the 

peel-ply cannot be fully removed, leaving much of the fiber behind.  Line 4 shows the 

case where top layers of the resin matrix and fiber-reinforcement have been removed 

along with the peel ply, thus cracking and damaging the composite [15-16].   

Previous work has shown that stronger joints can be fabricated by using a 

combination of peel-ply with mechanical abrasion [18].  Mechanical abrasion is used to 

increases the surface roughness and thus the available contact area for bonding.  During 

abrasion, residual contaminants are removed from the resin surface.  The current state-of-

art procedure for mechanical abrasion is grit blast.  Grit blasting operates by propelling a 

stream of abrasive material under high pressure to modify the topography.  This 

procedure is labor intensive and requires a containment system for the abrasive media.  

An alternative abrasive treatment is hand sanding.  Previous work shows that the surface 

roughness of thermoset composite is significantly increased by sanding [19-20].  

However, the abrasion of thermoplastics tend to show lesser improvement due to the low 

surface enrergy [5-7].   Like peel-ply, a drawback of the abrasion techniques is the lack of 

a quantitative standard for sample readiness for bonding.  The operator determines when 

the proper surface state is achieved based on visual criteria, which can easily lead to  
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Figure 1.1.  Possible fracture interfaces of peel ply removal [18].  
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under-preparation and poor adhesion, or over-treatment and structural damage.  

Furthermore, abrasion leaves loose particles on the surface, which requires subsequent 

solvent cleaning [21]. 

In addition to changing surface roughness, creating chemically active bonding 

sites on the polymer surface is another approach to promote better adhesion.  The 

procedures to modify the polymer surface chemistry can be carried out by either liquid 

phase or gas phase processes [22].  Liquid-phase surface activation uses strong oxidants, 

either aqueous acids [23-26] or bases [27].   The oxidation reaction leads to the formation 

of carbonyl [23,24] and carboxylic acid groups[25,26] on polymer surface.  Mineral acids, 

such as sulfuric acid and nitric acid, can generate small quantities of sulfonate and amine 

moieties on the surface.  Similarly, exposing polymers to oxidative gases can generate 

surface functional groups such as hydroxyls, carbonyls and carboxylic acids.  The 

drawbacks of using strong oxidants, include difficulty in generating a single type of 

surface functional group and tendency to over etch and damage the substrate.  

Furthermore, strong acids and basis may be dangerous to handle and to explosive to 

dispose of, which leads to higher operating cost. 

Gas phase oxidation of polymer surfaces is enhanced by employing UV light, 

electron beams, and plasma discharge.  The external energy sources break down oxygen 

molecules into reactive species such as ions, atomic oxygen, and ozone [28].  Among 

these methods, weakly ionized plasmas have been extensively used to functionalize 

polymer surfaces.  A plasma is an electrically neutral ionized gas.  It can be “hot” or 

thermal plasma if nearly all the species are ionized, otherwise it is “cold” or non-thermal 



8 
 

plasma, where only a small fraction of the species are ionized, i.e., 1- 100 parts per 

billion.  In a hot plasma, the electron energy (Te) is in equilibrium with the ion energy (Ti) 

[28-31], and the gas temperature Tg can range from 5,000 to 50,000 degrees Kelvin 

[28,31].   It is impossible to use such a high gas temperature in polymer processing 

without damaging the substrate.  Therefore, the majority of the industrial plasmas are 

weakly ionized [28,31].  The neutral gas temperature, Tg, of a partially ionized discharge 

is much lower than its electron energy, i.e., between 300 and 600 oK.  The plasma gas 

contains atoms, metastable molecules, in addition to electrons, ions, and ground-state 

molecules.  The plasma is generated by exposing the feed gas to an electrical field, and 

when the field strength exceeds the breakdown voltage of the gas, free electrons and ions 

are generated.  Subsequent inelastic collision between high energy electrons and the feed 

gas sustains the plasma. 

Commercial plasmas can operate either under vacuum or at atmospheric pressure.  

Vacuum plasmas have been well studied, and their application in polymer processing has 

been adopted by the microelectronics and biomedical industries [32-34].  However there 

are several drawbacks to operating plasmas at reduced pressure.  Low pressure 

processing requires a vacuum apparatus, and the presence of a vessel limits the shape and 

size of the substrate.  Operation in vacuum chambers occurs in batch mode and does not 

allow continuous in- line processing.  The need to repeatedly pump and vent chamber 

adds significantly to the processing time and operating cost, and these costs grow 

exponentially with chamber size.  
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The process challenges presented by vacuum pressure can be overcome by 

utilizing atmospheric pressure plasmas.  These include torches, dielectric barrier 

discharges (DBD), and radio frequency noble-gas discharges.  The torch and DBD are 

usually operated by ionize air with high voltage power supplies at up to 10 kV [35-42].  

Ionized gas in the torch forms an arc between closely spaced power and ground 

electrodes.  Since the arc is a thermal plasma, in which the neutral temperature is many 

thousands of degrees [29,38,39], thermally sensitive polymer materials cannot be treated 

in situ.  Instead, the substrates are treated by a high velocity gas stream that is blown 

through the arc and then onto the substrate placed downstream.  In a DBD, one or both of 

the electrodes are covered with a dielectric barrier that prevents the arc from forming.  

During operation, charge buildup on the insulator surface discharges as micro-arcs that 

occur randomly in space and time [40-42].  The dielectric barrier discharge has long been 

used to process rolls of plastic film, whereby the surface is activated for printing 

[29,30,43].  In some instance, the DBD can also be deployed as a downstream discharge 

to treat 3D objects. 

Atmospheric pressure noble gas plasmas driven by 13.56 or 27.12 MHz 

generators operate in a different way than the torch and DBD plasmas.  These plasmas 

are weakly ionized, capacitive discharges [28,44-46].  Helium and argon breakdown at 

much lower voltages (150 to 600 V) in comparison to air (~2000 V).  The ions and 

electrons uniformly fill the gas volume between the metal electrodes, and the polymer 

substrates are exposed to the reactive gas species downstream of the electrodes.  Work by 

previous authors has shown that the radio frequency noble gas plasmas are effective in 

modifying polymer surfaces [47-52].  A more detailed discussion of different types of 
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plasma and their effectiveness in polymer treatment can be found in Chapter two of this 

manuscript. 

1.5 Outline of the Thesis 

The goal of this thesis is to characterize the effect of atmospheric pressure He/O 2 

plasma for the activation of carbon-based materials towards improved wetting and 

adhesion.  The first half of this work focuses on the creation of active chemical bonding 

sites on the surface of thermoset plastics, whereas the second half emphasizes the 

activation of carbon nanotube towards improved interaction with a thermoset polymer 

resin.  Each chapter of this dissertation represents either a manuscript that has been 

published or one that is in preparation to be published.  A review of plasma fundamentals 

and a comparison of commonly used plasmas for material processing is covered in 

Chapter 2.  Chapter 3 covers the effect of atmospheric pressure He/O2 plasma in 

simultaneous cleaning and activating fluorine contaminated composite surfaces.  In 

Chapter 4, carbon nanotube sheets have been exposed to the atmospheric pressure He/O2 

plasma, and activated for dispersion in organic resin.  In Chapter 5, carbon nanotube 

reinforced composites have been fabricated using mechanical alignment, plasma 

activation and chemical crosslinking.  Then their mechanical, electrical and thermal 

properties have been examined.  This method of making CNT-reinforced composites 

yields a material that is nearly as strong as aluminum, but at half the weight. 
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Chapter 2 

Atmospheric and Vacuum Plasma Treatments of Polymer Surfaces for Enhanced 

Adhesion in Microelectronics Packaging 

Abstract 
 

The treatment of polymer surfaces with atmospheric pressure and vacuum 

plasmas for enhanced adhesion is examined in this chapter.  Poor wetting and adhesion 

can occur in microelectronic packages in key manufacturing steps such as applying epoxy 

molding compound to the substrate and applying epoxy underfill to the flip chip module.  

Low-pressure plasmas have long been utilized by the packaging industry to active 

polymer surfaces prior to bonding.  However, atmospheric pressure plasmas (APPs) have 

been developed which provide reactive species concentrations that are several thousand 

times higher than in vacuum plasmas, which suggests that the APP treatment may 

provide higher process throughput.  Here, the physics and chemistry of atmospheric and 

vacuum discharges are examined.  Then a rigorous comparison is made between these 

two technologies for the activation of flame-retardant 4 (FR-4) and polyimide substrates 

for adhesion to epoxy underfill.  The data indicate that both low-pressure and 

atmospheric pressure plasmas are well suited for enhancing adhesion.  The selection of 

one method over the other should be based on other considerations, such as throughput, 

cost, and yield.   
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2.1. Introduction 

Semiconductor packages provide the physical structure for mounting integrated 

circuits (ICs) onto printed circuit boards (PCBs).  Over 30 billion packages are produced 

each month throughout the world [1].  Semiconductor packages have three main 

functions: (1) to connect the electrical input and output signals between the 

microelectronic chip and the PCB; (2) to provide environmental isolation and protection 

to the ICs; and (3) to efficiently conduct heat away from the device.  The diversity of 

semiconductor packages has increased dramatically in recent years due to the extremely 

high levels of integration in ICs, and to their broad range of uses in computers, tablets, 

mobile devices, automobiles, appliances, telecommunication systems, etc.  Due to the 

diverse and complex nature of these products, the manufacturer is faced with many 

challenges in cleaning and then bonding the different components of the package together.  

The traditional method of electrically connecting the IC die to the outside world is 

to attach wire bonds along the perimeter of the chip and bond the wires to a lead frame 

[2].  The wire bonds can only utilize the outer peripherals of the chip for bonding thus 

limiting the density of input/output signal pathway.  Higher density of input/output routes 

may be achieved by going to a flip chip, where the electrica l connections are achieved 

through a solder ball-grid-array (BGA) [3].   Pictures of these two options are shown in 

Figure 2.1.  In the former case, the chips are glued to the frame, wire bonded to the leads, 

and finally covered with an epoxy overmold.  The overmold covers the chip, wire bonds 

and bond pads, thereby isolating the entire package from the environment.  If surfaces are 

not properly cleaned and activated, delamination can occur between the overmold, the 

chip, the metal frame, and the plastic substrate.  With flip chip, an epoxy underfill must  
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Figure 2.1.  Assembled plastic ball-grid-array (PBGA) package, in which the IC die is 

attached to the chip holder by (a) wired bond and (b) flip chip [4]. 
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wick into and cover the open areas around the BGA underneath the integrated circuit.  

Since the silicon chip and the polymer substrates have largely different coefficients of 

thermal expansion, unsupported solder balls are easily damaged by the shear forces 

generated during thermal cycling.  Low-k polymers and composites used as substrates in 

semiconductor packages tend to have low surface energy, such that unde rfill dispensed 

on these materials may not uniformly wet the polymer surface and fill in the exposed 

areas around the solder balls.  Plasma treatment solves this problem by oxidizing the 

polymer surface and making it highly wetting towards the underfill resin. [5]  

Recently, electronic manufacturers have turned to 3D packaging as a means to 

further increase transistor density on the integrated circuit without enlarging the size of 

the package.  Three-dimensional chip stacking technology is still a few years away from 

mass production [6].  Nevertheless, this approach will produce its own set of 

contamination and adhesion issues, and dry plasma processes will be needed more than 

ever to address these problems.  

In this chapter, the authors examine the use of low-pressure and atmospheric-

pressure plasmas for the treatment of polymer substrates used in chip packaging.  The 

chapter begins with a review of plasma properties, with an aim to highlight the key 

parameters one needs to compare one type of gas discharge to another.   Then we review 

the effects of low-pressure and atmospheric-pressure plasma treatments on polymer 

surfaces.  Specific attention is paid to flame retardant 4 (FR-4) and polyimide (PI), since 

these materials are ubiquitous in semiconductor packaging.  The effects of the plasma 

processes on the surface energy, water contact angle, roughness, composition and 
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adhesion strength are presented and compared among the process types.  Finally, we 

discuss the advantages and disadvantages of the low-pressure and atmospheric-pressure 

plasma technologies for use in manufacturing chip packages. 

2.2. Plasma Fundamentals 

A plasma is an ionized gas consisting of positively and negatively charged species 

in which the discharge volume maintains quasi charge neutrality [7].  Thermal plasmas 

are close to being fully ionized, and due to the high rate of collisions between electrons 

and neutral species, thermal equilibrium is achieved, in which the electron temperature 

(Te) approximately equals the neutral temperature (Tn).  The high temperatures in thermal 

plasmas, e.g., arcs, make them unsuitable for materials processing.  By contrast, a non-

thermal plasma, or weakly ionized gas discharge, has very low concentrations of free 

electrons.  In this case, there are insufficient collisions between the electrons and neutral 

species for thermal equilibrium to be achieved.  The electrons are accelerated to high 

kinetic energies, with Te from 1 to 2 eV (1 eV = 11,600 K), while Tn remains below 400 

K.  Consequently, weakly ionized plasmas are well suited for treating thermally sensitive 

materials, such as integrated circuits [8]. 

Plasmas are generated by flowing gas between powered and grounded electrodes, 

and by providing a sufficiently high voltage to break down the gas.  Initially, when power 

is applied to the electrodes, the system operates in the Townsend dark region, where the 

voltage rises quickly with the current until ionization occurs.  The breakdown voltage, VB, 

depends on the gas composition, the pressure, P, and the gap spacing, d, between the 

electrodes [9,10].  A Paschen curve provides the characteristic dependence of VB on P d  
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Table 2.1. Breakdown voltages (VB), electron impact ionization thresholds 

(Eiz) and cross sections (iz) for helium, argon, nitrogen and oxygen [7,9,12-

18]. 

Gas VB DC* (kV) VB RF* (kV) Eiz (eV) iz** (10-16 cm2) 

He 0.44 0.11 24.59 0.07 

Ar 0.61 0.45 15.80 1.58 
N2 6.00 - 15.63 1.24 
O2 6.50 - 12.07 1.13 

*The DC and RF breakdown voltages were taken at 76 Torrcm. 
**Electron impact ionization cross sections were evaluated at electron 

temperature of 30 eV. 
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for a given gas [9,11].  A minimum in the breakdown voltage is observed at P d values 

between 0.5 and 5.0 Torr∙cm.  Thus, it is more straightforward to ionize a gas inside a 

chamber if the pressure is reduced to between 20 and 100 mTorr.  At atmospheric 

pressure, the noble gases, helium and argon, undergo ionization at much lower voltages 

than nitrogen and oxygen, as shown in Table 2.1.  To break down air one must apply 

close to 10 kV DC or AC power! 

Plasmas sustain themselves by generating free electrons in the gas through 

electron-impact ionization [7-9].  The surface may also contribute free electrons through 

thermionic emission and Auger processes [9].  Electron- impact ionization may be 

represented by the following equation: 

 M + e-  M+ + 2e- (1) 

Here, M is a gas molecule.  The rate of this reaction depends on the electron temperature, 

Te, the electron density, ne, and the gas density, ng.  For a vacuum plasma operating at 

100 mTorr, this reaction is slow enough for the gas to remain in a weakly ionized state.  

On the other hand, at atmospheric pressure (760 Torr) with ng ~2x1019 cm-3, this reaction 

may run away:  One electron becomes two electrons, two becomes four, four becomes 

eight, and so forth, until the gas is fully ionized and you have an arc. 

The ionization rate, riz obtained from collision theory is [11]: 

 r iz = σizvngne (2) 

Where σiz is the ionization cross section (cm2), and v is the mean velocity of the free 

electrons (cm/s).  Listed in Table 2.1 are the ionization thresholds and cross sections for 
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helium, argon, nitrogen and oxygen [7,9,12-18].  The cross sections have been evaluated 

at 30 eV, which corresponds to the high energy tail in the electron energy distribution.  

Argon, nitrogen and oxygen have similar cross sections, such that they have fast 

ionization rates at atmospheric pressure.  When rapid ionization is combined with 

breakdown voltages of 6.0 to 6.5 kV, it is easy to understand why air (containing 78% N2 

and 21% O2) immediately transitions into an arc following ionization.  Helium, on the 

other hand, has a much lower cross section.  This fact, combined with the low breakdown 

voltage, makes it possible to stabilize a weakly ionized helium plasma at atmospheric 

pressure [11,19,20 ]. 

Non-thermal argon plasmas can be generated at atmospheric pressure as well [21-

23].  They are more difficult to stabilize than the helium discharge for several reasons.  

The cross section is large, comparable to that of nitrogen and oxygen, yielding a fast rate 

of ionization.  Secondly, the mass of argon is twenty times greater than helium, which 

reduces the electron mobility in the gas.  In order to maintain a reasonable current 

through the argon discharge, the electron density must be pushed to a value greater than 

1x1012 cm-3, where the plasma can transition from alpha- to gamma-mode ionization and 

become unstable [24,25].  Nevertheless, atmospheric pressure argon plasmas have been 

developed that operate at low temperatures and are well suited for semiconductor 

packaging operations [26]. 

Examples of plasma devices used to clean and activate polymer surfaces are 

presented in Figure 2.2.  Low-pressure plasmas used in electronic packaging are usually 

oven-type systems (see Fig. 2a), where the substrates are stacked on trays inside the  
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Figure 2.2.  Different types of plasma systems used for surface 

preparation include (a) vacuum plasma, (b) dielectric barrier 

discharge, (c) plasma torch, and (d) atmospheric pressure, RF 

capacitive discharge [27-31]. 
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discharge.  These units operate at approximately 100 mTorr, and are fed with argon and 

other molecular gases, such as oxygen, hydrogen, nitrogen, or carbon tetrafluoride.  The 

plasma is generated between a pair of electrodes powered by a radio-frequency (RF) 

generator operating at 13.56 MHz.  The substrates are positioned between the electrodes, 

so that the surface is subjected to ion bombardment as well as to the reactive species 

generated by electron collisions with the molecular gases.  Argon ion bombard ment non-

selectively sputters away material from the sample surface, which may be good or bad 

depending on the application.  These machines can be configured for downstream 

treatment as well, in which argon ion bombardment is avoided.  Commercial vacuum 

systems are available with automatic loading and unloading of substrates, and where one 

substrate is treated at a time on a track system.  Further discussions of vacuum plasma 

design can be found in several books [7,8].  One important point about vacuum plasmas 

is that the entire substrate surface is exposed to the ionized gas. 

Figures 2.2b, 2.2c, and 2.2d show the three types of atmospheric pressure plasmas 

used to treat materials.  These include a dielectric barrier discharge (DBD), a torch, and a 

radio-frequency, noble gas discharge [9,11,31-35].  The DBD has long been employed to 

treat rolls of plastic film whereby the material is continuously passed between the 

electrodes [36].  In some instances, the DBD may be deployed as a downstream device, 

so that 3-D objects can be treated with the reactive gasses that flow out from between the 

electrodes. The torch and the RF noble-gas discharge are strictly downstream plasmas.  

Here, the ions and electrons are confined to the gap between the electrodes, and the 

substrate is exposed to a beam of neutral reactive species that exits from the source.  A 

robot is used to scan the plasma beam over the substrate surface which is positioned <1 
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cm below the device.  In contrast to vacuum plasmas, only the area on the sample surface 

requiring treatment is exposed to the reactive gas species. 

The dielectric barrier discharge is usually operated with air.  A 10 kV power 

supply operating at approximately 20 kHz supplies the voltage necessary to break down 

the gas.  A dielectric barrier covers one of the electrodes, and prevents a high current arc  

from forming.  During operation charges build up on the surface of the insulator and 

discharge as tiny “micro-arcs” within each cycle of the AC waveform [11,37,38].  The 

micro-discharges occur randomly in space and time, lasting for periods of 10 to 100 ns.  

Inside the micro-discharge, the electron density is high, whereas outside it is extremely 

low.  Consequently, it is not possible to measure an average electron density and electron 

temperature for the entire gas volume between the electrodes.  Note that substrates placed 

downstream of the DBD will not be treated uniformly with the plasma on the micro scale.  

In addition, the discharge can interact electrically with the substrate, making it difficult to 

treat components containing metals. 

The torch is generated by forming an arc between closely spaced powered and 

grounded electrodes.  Air is passed between the electrodes and ionized by applying 10 kV 

AC power.  The arc is a thermal plasma in which the neutral temperature is many 

thousands of degrees [11,39].    Nevertheless, it is possible to blow gas through the arc at 

a sufficient velocity such that the overall gas temperature is low enough to treat thermally 

sensitive materials, such as polymers.  The PlasmaflumeTM by PlasmaTreat is an example 

of this type of device (shown in Fig. 2c).  It utilizes a rotating, cone-shaped electrode that 

rapidly spins the arc through the flowing gas volume, maintaining the average neutral 
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temperature below 700 K.  Plasma streamers diluted by the flowing gas would exit from 

the electrode and treat objects placed a short distance below.  The primary industrial 

application for the low-temperature plasma torch is polymer surface activation in 

automobile manufacturing. 

Atmospheric pressure noble gas plasmas, driven with radio-frequency power at 

13.56 or 27.12 MHz, operate in a different way than the DBD and torch plasmas.  These 

plasmas, sometimes referred to as atmospheric pressure plasma jets (APPJ), are weakly 

ionized, capacitive discharges [11,13,21,40].  The ions and electrons uniformly fill the 

gas volume between the metal electrodes, with a collisional sheath forming at the 

boundaries to repel the electrons and maintain the plasma.  The average electron density 

and temperature in the RF noble gas plasma have been determined to be ne = 1011 to 1012 

cm-3 and Te = 1 to 2 eV [9,11,13,21-23].  Depending on the RF power level and whether 

the source is water cooled or not, the neutral gas temperature ranges from 323 to 573 K.  

Molecular gases are fed with helium or argon at concentrations from 2.0 to 5.0 volume%.  

The chemistry of the plasma depends on the gas fed to the discharge.  For example, O2, 

N2, H2, and CF4 generate O, N, H, and F atoms, respectively [13,21,40,41,43].  A number 

of different designs of these plasma sources are available, including showerheads, small 

spot sources, and linear beams from 25 to 150 mm across.  A 50 mm wide beam is shown 

in Figure 2.2d. 

In Table 2.2 the properties of the vacuum plasma and the atmospheric pressure RF 

noble gas discharge are compared.  For both of these technologies, a wealth of scientific 

data has been published on the plasma physics [7-9,11-23,42,44-51].  By contrast, to the  
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Table 2.2. Physical properties of vacuum and atmospheric 

pressure plasmas [7-9,11-23,40,44-50] 

Plasma type Vacuum Atmospheric Pressure 

Plasma gas Ar/O2 He/O2, Ar/O2 

Breakdown voltage(kV) 0.2-0.6 0.2-0.6 

Electron density (cm-3) 1010-1011 1011-1012 

Electron temperature (eV) 2 1-2 

Neutral temperature (K) <400 <600 

Oxygen atom concentration (cm-3) 1014-1015 1016-1017 

Ozone concentration (cm-3) 1010 1014-1015 
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authors’ knowledge, this type of data is lacking for the downstream DBD and the torch, 

due to the inhomogeneous nature of the processes occurring inside these discharges.  The 

vacuum plasma considered in Table 2.2 is a parallel-plate capacitive discharge driven 

directly with RF power at 13.56 MHz.  In the literature, this is sometimes referred to as a 

reactive ion etcher (RIE) [8].  The electron density in these devices ranges from 1010 to 

1011 cm-3, depending on the applied power [7,8,11].  The average electron temperature 

depends on the neutral pressure, decreasing with increasing pressure [8].  At 100 mTorr, 

Te is approximately 2.0 eV.  This may be compared to the atmospheric pressure plasma, 

where ne varies from 1011 to 1012 cm-3, and Te is approximately 1.5 eV.  Since the gas 

density is about 2x1019 cm-3 at atmospheric pressure, an ne of 1012 cm-3 corresponds to 50 

free electrons per billion gas particles. 

  Neutral reactive species are generated inside plasmas by collisions between the 

molecules and high energy electrons.  Atomic oxygen is produced by electron impacted 

dissociation of molecular oxygen [7,8,40]: 

 O2 + e-  O + O + e- (3) 

Other reactive neutral species generated in argon and oxygen plasmas include metastable 

oxygen molecules, (O2(1Δg) and O2(1Σg
+)), and ozone [10,43-48,51].  The average 

concentrations of ground-state oxygen atoms and ozone in the vacuum and atmospheric 

pressure, RF capacitive discharges are listed in Table 2.2.  Note that the concentration of 

oxygen atoms flowing out of the atmospheric pressure plasma is  two orders of magnitude 

higher than the concentration of oxygen atoms inside the vacuum plasma.    
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The difference between the vacuum and atmospheric plasma can be understood 

from the rate expression for electron impact dissociation of oxygen: 

 rdO = A∙exp (Ea / RTe)[O2]∙ne (4) 

Where A is the pre-exponential factor, Ea is the activation energy, R is the ideal gas 

constant, and [O2] is molecular oxygen concentration.  The average electron density in 

the atmospheric pressure discharge is about 10 times higher than in the vacuum case.  In 

addition, the O2 partial pressure is ~30 Torr for the atmospheric plasma, compared ~50 

mTorr for vacuum plasma.  Therefore, the ratio of the rates of O atom production, 

rdO(atmospheric)/ rdO(vacuum) = 10x30/0.05 =  6,000.  The speed of cleaning and 

activation of a polymer surface should be directly proportional to the density of O atoms 

in the gas, meaning that the atmospheric plasma is an inherently faster process.  Although 

the huge difference in reactive species densities is moderated somewhat by the fact that in 

the atmospheric pressure discharge, these species are focused in a beam with a thickness 

of about 1 cm when it comes in contact with the substrate.  By contrast, the vacuum 

plasma contacts the entire sample surface at once.  

Shown in Figure 2.3 are the concentrations of the reactive species as a function of 

distance downstream of the atmospheric pressure, radio-frequency helium/oxygen plasma.  

These concentration profiles were predicted from a numerical model of the process [51].  

At 5 mm from the source exit, the concentrations are as follows:  4x1016 cm-3 O atoms, 

6x1016 cm-3 O2(1Δg), <1x1013 cm-3 O2(1Σg
+), and 8x1015 cm-3 O3.  Titration of the atomic 

oxygen with nitric oxide has confirmed that the O atom concentration at the exit is in the 

range of 1016 to 1017 cm-3, or on the order of 0.1 to 1.0 volume% of the gas flow [21].  On  
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Figure 2.3.  Concentration of reactive species as a function of 

distance from the exit of the atmospheric pressure, RF, He/O2, 

capacitive discharge [51]. 
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the other hand, direct measurement of the ozone concentration in the afterglow yields a 

value of 8x1014 cm-3, or 40 parts per million. 

2.3. Survey of Vacuum Plasma Treatment of Polymers 

The most common polymers used in electronic packaging are flame retardant 4 

(FR-4), solder mask, and polyimide.  Flame retardant 4 is a glass-reinforced epoxy 

composite, which has good strength to weight ratio, near zero water absorption, and is 

electrically insulating.  Its mechanical strength and electrical insulation in both dry and 

humid conditions makes FR-4 the preferred material for printed circuit boards (PCBs) 

[52].  Solder masks are polymers with low surface energy, and their function is to protect 

metal lines on the substrate during solder deposition.  Solder mask materials include 

thermally cured epoxies, UV curable acrylate, and polyimide tape [53].  Polyimide has a 

low dielectric constant combined with excellent, chemical, mechanical and thermal 

stability [54].  These properties make it an excellent substrate for flexible electronic 

products. 

The effect of vacuum plasma treatment on the water contact angle (WCA) and 

surface roughness of FR-4, solder mask and polyimide is presented in Table 2.3 [6].  Noh 

and coworkers [55] exposed the uncoated surface of FR-4 to an Ar/O2 plasma for 300 s, 

after which they found that the water contact angle dropped from 50o to <10o.  Sham et al. 

[56] observed a drop in the WCA of solder mask from 80° to 40° following a 600 s 

immersion in the argon plasma.  In this case, surface activation most likely resulted from 

Ar+ ion bombardment.  Getty and Zhao [57] treated solder mask and polyimide with  

 



35 
 

 

 

 

 

 

Table 2.3. Water contact angle (WCA) and surface roughness of FR-4, solder mask, and 

polyimide before and after vacuum plasma treatment. 

Material 
Plasma

gas 
Time 
(s) 

WCA (°) Surface Roughness (nm) 
Ref. 

Before After Before After 

FR-4 Ar/O2 300 50 <10 3.8 0.1 [55] 

Solder mask Ar 600 80 40 56 70 [56] 

Solder mask Ar --- 82 74 --- --- [57] 

Solder mask N2 --- 82 74 --- --- [57] 

Solder mask O2 --- 82 30 --- --- [57] 

Polyimide Ar --- 60 52 --- --- [57] 

Polyimide N2 --- 60 46 --- --- [57] 

Polyimide O2 --- 60 5 --- --- [57] 

Polyimide He/O2 50 70 20 --- --- [58] 

Polyimide Ar 300 --- --- 0.4 17.6 [60] 

Polyimide NH3 300 --- --- 0.4 2.9 [60] 

Polyimide O2 600 --- --- 50 200 [61] 

Polyimide O2/SF6 600 --- --- 50 400 [61] 
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remote argon, nitrogen and oxygen plasmas for an unspecified period of time.  By 

operating in a remote fashion, the substrate was not subjected to ion bombardment.  

These authors found that exposure to the argon and nitrogen plasmas decreased the water 

contact angle only by a small amount, whereas the oxygen plasma yielded a large decline.  

In the latter case, the decrease in WCA was from 82° to 30° for the solder mask, and 60° 

to 5° for the polyimide.  Egitto and coworkers [58] found that exposure of polyimide to a 

direct He/O2 plasma for 50 s reduced the WCA from 70o to 20o.  In summary, the surface 

energy of FR-4, solder mask, and polyimide may be significantly increased by treatment 

with low-pressure oxygen plasmas, which should be beneficial towards enhancing the 

wetting by the adhesives [59].  

No consistent trend in surface roughness with vacuum plasma exposure was 

found when reviewing the literature.  As seen in Table 2.3, Noh et al. [55] recorded a 

drop in the roughness of FR-4 from 3.8 to 0.1 nm after Ar/O2 plasma treatment.  Sham et 

al. [56] observed a slight increase in the root-mean-square (rms) roughness of solder 

mask, from 56 to 70 nm, after immersion in the argon plasma.  Bhusari et al. [60] and 

Uddin et al. [61] found that the treatment of polyimide with direct argon, ammonia or 

oxygen plasmas yielded a 4 to 44 times increase in surface roughness.  The largest 

increase in roughness was observed when the polyimide was exposed to the argon plasma.  

In this case, the change in surface roughness is mainly due to physical sputtering, and not 

to a chemical etching process. 

The effect of vacuum plasma treatment on the surface composition of FR-4, 

solder mask and polyimide has been examined by X-ray photoelectron spectroscopy 
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(XPS).  The changes observed in the atomic ratio of carbon to oxygen on the polymer 

surfaces are shown in Table 2.4.  In all cases, a significant drop in the C/O ratio is 

observed, regardless of whether the material is treated with oxygen, argon, argon/O 2 or 

ammonia plasmas.  Noh et al. [55] reported that exposure of the FR-4 surface to the 

Ar/O2 plasma increased the fraction of hydroxyls, carbonyls and highly oxidized carbon 

atoms (which they assigned to C-O3) by 2%, 8%, and 18%, respectively.  Sham et al. [56] 

found that the solder mask was oxidized by sputtering with argon ions.  It is speculated 

that the argon sputtering of solder mask leaves dangling carbon bonds on the substrate 

surface, which can react with oxygen or water molecules in air to form oxidized carbon 

groups.  Analysis of the XPS spectrum indicated that the concentrations of carbonyls and 

carboxylic acids on the surface increased by 7% and 8%.  Bhusari et al. [60] observed a 

similar effect of argon- ion sputtering on polyimide: the C/O ratio declined from 5.6 to 2.8, 

while at the same time, the concentration of surface hydroxyl and carbonyl groups 

increased by 6% to 7%. 

The adhesive bond strength between epoxy underfill and FR-4, solder mask and 

polyimide, before and after vacuum plasma treatment, is shown in Table 2.5.  For rigid 

substrates such as FR-4, their adhesion strength to epoxy underfill is measured using 

either the single lap shear test (ASTM D1002/ASTM D3163) or the button shear test 

(SEMI G69-0996) [65-67].  Exposure of FR-4 to an Ar/O2 plasma increases the lap-shear 

strength from 8 to 12 MPa.  In addition, the failure mode of the specimen changed from 

adhesional failure at the underfill/FR-4 interface, to cohesive failure within the underfill 

itself [55].  The Ar or O2 plasma treatments of solder mask also yielded excellent results.  

Zhao et al. [64] observed an increase in lap-shear strength between the solder mask and  
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Table 2.4. Carbon-to-oxygen atom ratio on the surface of FR-4, 

soldermask, and polyimide before and after vacuum plasma 

treatment in different plasma gases. 

Material 
Plasma 

type 
Plasma 

gas 
C/O Ratio 

Ref. 
Before After 

FR-4 Direct Ar/O2 2.5 0.9 [55] 

Solder mask Direct Ar 2.4 1.5 [56] 

Solder mask Remote O2 5.6 3.7 [62] 

Polyimide Remote O2 4.5 2.1 [63] 

Polyimide Direct Ar 5.6 2.8 [60] 

Polyimide Direct NH3 5.6 2.6 [60] 
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Table 2.5.  Effect of vacuum plasma treatment on adhesion between epoxy underfill 

and three polymer substrates. 

Substrate 
Plasma 

gas 
Test 

Bond Strength* Failure Mode 
Ref. 

Before After Before After 

FR-4 Ar/O2 L-Sheara 8 12 adhesional cohesive [55] 

Solder mask O2 L-Shear 16 31 adhesional cohesive [64] 
Solder mask O2 L-Shear 16 33 adhesional cohesive [64] 

Solder mask Ar L-Shear 16 36 adhesional cohesive [64] 
Solder mask Ar D-Shearb 8 12 adhesional ** cohesive *** [56] 
Polyimide O2 T-Peel 400 1,100 adhesional cohesive [64] 

Polyimide O2 T-Peel 400 900 adhesional cohesive [64] 
Polyimide Ar T-Peel 400 900 adhesional cohesive [64] 

Polyimide Ar 90o Peel 600 600 adhesional --- [61] 
Polyimide O2 90o Peel 600 900 adhesional --- [61] 
Polyimide O2/SF6 90o Peel 600 1,400 adhesional cohesive [61] 

aL-shear is lap shear. 
bD-shear is die shear. 
*The strength units are MPa for the shear tests, and N/m for the peel tests. 
**Failure occurred at the interface between epoxy underfill and FR-4, soldermask, or 

polyimide. 
***Failure occurred cohesively within the solder mask instead of within the epoxy resin.  
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the underfill from 16 MPa to between 31 and 36 MPa, and a switch in failure mode from 

adhesional to cohesive within the underfill.   

The bond strength between polyimide and epoxy underfill has been examined by 

T-peel and 90° peel tests, as shown in Table 2.5.  The T-peel and 90° peel tests were 

performed in accordance to ASTM standards D1876 and D6862, respectively [68,69].  

Zhao et al. [64] observed an increase in the polyimide T-peel strength from 400 N/m to 

between 900 and 1,100 N/m following exposure to a vacuum plasma filled with Ar or O2.  

They also noted that the plasma process changed the failure mode from adhesional to 

cohesive.  Uddin et al. [61] activated polyimide films with Ar, O2, and O2/SF6 plasmas 

for up to 60 minutes.  After processing, the samples were bonded to dies with underfill, 

and the bond strength was measured using a 90o peel test.  Initially, the polyimide was 

separated from the chip at a force of 600 N/m.  Exposure to the argon plasma did not 

improve the adhesion. Treatment with O2 and O2/SF6 plasmas increased the peel strength 

to 900 and 1,400 N/m, respectively.  The authors proposed that the oxyfluoride species 

were much more reactive and better able to oxidize the polymer surface, thereby resulting 

in higher bond strength.  

2.4. Survey of Atmospheric Pressure Plasma Treatment of Polymers 

Atmospheric pressure plasma treatment is an emerging technology that is not yet 

widely employed in semiconductor packaging.  Nonetheless, this technology has gained 

acceptance in other industries where it is routinely used to activate polymer surfaces for 

adhesion.  Results obtained on common plastic materials will be examined first, after 

which original data will be presented on atmospheric plasma processing of FR-4 and  
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Figure 2.4.  Water contact angles (WCA) on polyethylene (PE), 

poly(ethylene terephthalate) (PET), poly(methyl methacrylate) 

(PMMA), and poly(ether ether ketone) (PEEK) before and after 

activation with dielectric barrier discharge (DBD) or radio-

frequency capacitive discharge (RFCD) [51,70-77]. 
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polyimide.  In Figure 2.4, water contact angle measurements are shown for the activation 

of polyethylene (PE), poly(ethylene terephthalate) (PET), poly(methyl methacrylate) 

(PMMA), and poly(ether ether ketone) (PEEK) [30].  Two types of plasma devices are 

compared, the dielectric barrier discharge (DBD), and the RF capacitive discharge 

(RFCD) fed with noble gases.  It can be seen that treatment of PE with the DBD 

decreases the WCA from 100°±10° to 45°±5°.  Treatment with the RFCD is significantly 

better, where the final WCA is 10°.  The change in water contact angle on PET is roughly 

the same after exposure to the DBD or the RFCD.  In both cases, the WCA is reduced 

from about 80° to between 20° and 40°.  For both PMMA and PEEK, the RFCD shows a 

more effective treatment of the polymer surface than the DBD.  The WCA values for 

PMMA and PEEK after exposure to the atmospheric pressure RF capacitive discharge are 

40° and 15°, respectively. 

Table 2.6 shows the surface oxygen concentration and carbon-to-oxygen ratio for 

polyethylene, polypropylene and poly(ethylene terephthalate) before and after treatment 

with the atmospheric pressure plasmas.  The surface composition has been determined by 

XPS.  Three types of plasmas are compared in the Table, the torch, DBD and RFCD.  

One sees that the oxygen atomic percentage on the surface significantly increases after 

exposure to the air, He/O2, and Ar/O2 plasmas, with values ranging from 8.7% for 

treatment of PP with the torch to 40% for treatment of PET with the DBD.  It is likely 

that there are some differences in performance of the three types of plasma sources.  For 

example, on polypropylene, the torch fed with air reduced the C/O ratio to 10.5, whereas 

the RFCD fed with argon/oxygen reduced the C/O ratio to 1.9.  Unfortunately in these  
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Table  2.6.  The effect of atmospheric plasma activation on the surface 
composition of polymers. 

Polymers 
Plasma 

type 
Plasma 

gas 

O atomic % C/O ratio 
Ref. 

Before After Before After 

PE Torch Air 2.0 24.4 50.0 3.1 [78] 

PP Torch Air 3.1 8.7 33.0 10.5 [78] 

PET Torch Air 15.2 32.4 5.6 2.1 [78] 

PE DBD He/O2 6.6 21.3 14.0 3.7 [72] 

PET DBD Air 28.6 40.0 2.5 1.4 [79] 

PET DBD Air 29.1 35.5 2.4 1.8 [80] 

PP RFCD Ar/O2 6.8 33.6 14.0 1.9 [81] 

PET RFCD He/O2 25.0 37.0 3.0 1.7 [74] 
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Table 2.7. Surface energy and lap-shear strength of epoxy bonded polymers before and 

after atmospheric pressure plasma activation. 

Polymers 
Plasma 

type 
Plasma 

gas 

Surface energy (mJ/m2) Lap shear strength (MPa) 
Ref. 

Before After Before After 

PE Torch Air 28 60 0.3 4.6 [78] 

PP Torch Air 27 52 0.3 3.7 [78] 

PET Torch Air 35 63 1.6 4.8 [78] 

PEEK DBD Air 51 73 0.5 5.6 [83] 

PET RFCD He/O2 44 55 3.8 11.2 [74] 

PEEK RFCD He/O2 50 75 1.0 3.7 [75] 
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studies, data are lacking on the time it took to activate each of the polymers with the 

different plasma sources. 

In Table 2.7, a summary is presented of the changes in surface energy and lap-

shear strength of different polymers following exposure to the atmospheric pressure 

plasmas [59,74,75,78,82].  The torch, DBD and RFCD are all found to be effective at 

preparing the plastics for bonding.  Surface energies after activation are in the range of 52 

to 75 mJ/m2.  In addition, a large jump in adhesion is observed, with lap-shear strengths 

increasing by three to fifteen times.  Noeske et al. [78], Iqbal et al. [82], and Gonzalez et 

al. [74,75] have noted that untreated polymers exhibit interfacial failure at the adhesive-

substrate interface, whereas treated polymers exhibit cohesive failure within the adhesive 

itself.  One may conclude that atmospheric pressure plasmas are an effective tool for the 

surface preparation of polymers for bonding.   

2.5. Atmospheric Pressure Plasma Activation of Polymer Materials Relevant to 

Microelectronics 

2.5.1. FR-4 Activation 

Surface preparation of FR-4 by the atmospheric pressure RF capacitive discharge 

is considered in this section.  The polymer surfaces were activated using a 50-mm linear 

beam plasma (Surfx Technologies, Atomflo™ 400) operated at 150 W (27.12 MHz), 0.5 

L/min oxygen, 30.0 L/min helium, 5.0 mm source-to-sample distance, and 20 mm/s scan 

speed.  After exposure to the plasma, the samples were characterized by water contact 

angle, atomic force microscopy, X-ray photoelectron spectroscopy, and single lap-shear 

tests (ASTM D1002/D3163) [65,66]. 
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The dependence of the WCA on exposure time for FR-4 is shown in Figure 2.5.  

Initially, the contact angle of FR-4 was 92°+3°, which after a 0.1 s treatment fell to 35°.  

From 0.1 to 15.0 seconds of exposure to the He/O2 plasma, the WCA of FR-4 remained 

close to 35o, whereas from 15.0 to 60.0 seconds, it dropped gradually to 10°.  The trend 

in water contact angle with plasma exposure time may be fitted with two exponential 

decay equations, with each equation of the form: 

 WCA(t) = WCAf + [WCAi – WCAf]•exp(-kwcat) (5) 

Here, WCAf is the water contact angle at long times, WCAi is the initial water contact 

angle, kwca is the rate constant (s-1), and t is exposure time (s).  The fast and slow rate 

constants, kwca1 and kwca2, obtained by fitting Eq. (5) to the data in Figure 2.5 are 17.9±3.7 

s-1 and 0.08±0.05 s-1, respectively.  The exponential decay function can be explained by a 

Langmuir adsorption model, whereby reactive oxygen species in the afterglow of the 

atmospheric plasma bind with vacant sites on the polymer surface [74,83].  With regard 

to the two-stage decay, it may be hypothesized that there are two types of vacant sites on 

the polymer surface, each with a different adsorption rate.  The fast rate could be adding 

functional groups along the polymer chain, whereas the slow rate could cause an etching 

reaction.   

Table 2.8 shows the surface roughness of FR-4 as measured by atomic force 

microscopy (AFM).   The specimens were treated with the He/O2 RF discharge for 0.0, 

0.5, 10.0, 30.0, and 60.0 s.  The root mean square (RMS) roughness of the control sample 

was 60+24 nm.  One sees that the roughness values oscillated up and down throughout 

the duration of treatment, ranging from a low of 17 nm to a high of 54 nm.  No trend can  
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Figure 2.5.  Dependence of the water contact angle (WCA) of 

FR-4 on exposure time to the atmospheric pressure He/O2 

plasma.  Solid dots (   ) are data collected when WCA drops 

sharply with plasma exposure and open circles (   ) are data 

collected when WCA becomes less sensitive to increasing 

plasma exposure    
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Table 2.8.  Dependence of FR-4 surface roughness 

on exposure time to the atmospheric pressure He/O2 

plasma. 

Exposure Time (s) Roughness (nm) 

0.0 60 ± 24 
0.5 17 ± 5 

10.0 22 ± 11 
30.0 35 ± 14 

60.0 54 ± 28 
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be observed between the roughness and the two-stage exponential decay in water contact 

angle.  The changes are most likely due to the evolution of the surface morphology as the 

polymer was slowly etched by the He/O2 plasma. 

The change in surface composition of FR-4 during plasma activation has been 

studied using x-ray photoelectron spectroscopy (XPS).  The composition of FR-4 can be 

calculated using the molecular structure of bisphenol-A-diglycidyl ether (DGEBA), 

which is the primary resin component in FR-4 [84,85].  In this molecule, the atomic 

percentages of carbon and oxygen are 82 and 18 %, respectively.  Based on the areas 

under the carbon 1s and oxygen 1s emission peaks, the atomic percentages of carbon and 

oxygen measured for the untreated (control) sample are 85 and 15 %, respectively.  These 

values agree with the theoretical composition of the FR-4 resin.   

Shown in Figure 2.6 is the atomic percentage of oxygen on the FR-4 surface as a 

function of plasma exposure time.  The O atomic% rose rapidly from 0.0 to 2.0 s, and 

then eventually came to a plateau at 5.0 s.  The fully oxidized surface exhibited an 

oxygen atom concentration of 22%.  The trend in the data seen in Figure 2.6 may be 

fitted with the following equation: 

 O(t) = Of + [Oi  – Of]•[ exp(-kOt)] (6) 

where Oi is the oxygen atom% on the control specimen, Of is the oxygen atom% at long 

times, and kO is the first-order rate constant for oxidation of the polymer.  In this case, kO 

is calculated to be 2.5±1.2 s-1, which is a factor of four slower than the initial rate 

constant for the decay in water contact angle, kwca1. 
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Figure 2.6.  The oxygen atomic% on the FR-4 surface as a function 

of exposure time to the atmospheric pressure He/O2 plasma. 
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Figure 2.7.  Carbon 1s spectra for FR-4: (a) before plasma treatment, and (b) after 10 s 

exposure to the atmospheric pressure He/O2 plasma. 

 

(a) 

(b) 
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Figure 2.8.  Distribution of oxidized carbon groups on FR-4 surface before 

and after the atmospheric pressure He/O2 plasma treatment.      represents 

the C-O groups,     represents the C=O groups, and      represents the O=C-

O groups. 
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The carbon 1s spectra of FR-4 before and after He/O2 plasma activation are 

presented in Figure 2.7.  The control spectrum has been deconvoluted into three peaks 

centered at 284.6, 286.2, and 288.3 eV.  These peaks are assigned to aromatic/aliphatic 

carbon atoms (C-C and C=C bonds), hydroxyl carbon atoms (C-O bonds), and carbonyl 

carbon atoms (C=O bonds) [86-89].  After plasma activation, a new peak appeared at 

289.0 eV, which is assigned to carboxylic acid groups (O-C=O bonds).   

Shown in Figure 2.8 is the distribution of carbon oxidation states on FR-4 as a 

function of He/O2 plasma treatment time.  Initially, the oxygen bound to the polymer 

surface consisted of ~85% hydroxyl groups and 15% carbonyl groups.  During the initial 

0.5 s of exposure to the plasma, the fraction of carbonyl groups increased slightly, and in 

addition, a significant amount of carboxylic acids was generated on the surface.  As the 

plasma exposure time increased from 0.5 to 30.0 s, the amounts of carboxylic acid and 

hydroxyl groups on the surface increased at the expense of the carbonyl groups.  The 

average distribution of these species on the surface between 1.5 and 30.0 s of exposures 

was 69% C-O, 10% C=O and 21% O-C=O. 

The effect of plasma treatment on the bond strength between FR-4 and epoxy 

underfill was examined using a single lap shear test (ASTM D1002/ASTM D3163) 

[65,66].  The specimens were bonded using Hysol FP4549 underfill resin, and cured at 

160 oC and 68.9 MPa pressure.  The thickness of the underfill was controlled to 300 m 

by using a stainless steel spacer during the cure cycle. 

Figure 2.9 illustrates how the lap shear strength  of adhesively bonded FR-4 

depends on the treatment time with the atmospheric pressure RF capacitive discharge  
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Figure 2.9.  Dependence of the lap-shear strength of epoxy bonded 

FR-4 on exposure time to the atmospheric pressure He/O2 plasma. 
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using He/O2.  Without any surface preparation, the shear strength of the FR-4/underfill 

assembly was approximately 5.4 MPa, which is comparable to the control value reported 

by Noh et al. [55].  From 0.0 to 5.0 s of plasma exposure, the shear strength increased by 

over twofold to 11.5 MPa.  Further exposure to the plasma, out to 60s, did not 

significantly change the strength of the joint.   

The lap-shear strength data presented in Figure 2.9 can be fitted using the 

following equation: 

 τ(t) = τf + [τi  – τf]•[ exp(-kτt)] (7) 

where i is the shear strength of the control specimen, f is the maximum shear strength, 

and k is the first-order rate constant for the change in shear strength with exposure time 

to the plasma.  The rate constant obtained by the best fit of Eq. (7) to the data in Figure 

2.9 is k = 0.9±0.5 s-1.   

The rate  constants measured for  the changes in WCA, surface  oxyge n 

concentration, and lap-shear strength over time are summarized in Table 2.9.  One sees 

that the rate constant of wetting the surface, kwca1, is much higher than the rate constant of 

oxidation or strength enhancement.  On the other hand, the rate of strength enhancement 

is one-third of the rate of surface oxidation.   These results may be understood as follows:  

wetting does not require as many active sites on the polymer surface as does adhesion.  

The water droplet can spread out flat so long as there are enough hydroxyl, carbonyl or 

other oxygen-containing functional groups to interact with the macro-scale droplet.  

Adhesion, on the other hand, depends on the “quality and quantity” of the chemical bonds 

formed between the surface and the adhesive, with bonding occurring at the nanoscale  
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Table 2.9.  First-order rate constants determined for 

FR-4 surface property changes with plasma 

treatment. 

Property Rate 

constant 

Value (s-1) 

WCA fasta kwca1 17.9 ± 3.7 
WCA slowb kwca2 0.08 ± 0.05 

Surface oxygen kO 2.5 ± 1.2 
Lap-shear strength k 0.9 ± 0.5 

a From 0-10 s of atmospheric pressure He/O2 plasma treatment, water contact angle 

drops rapidly with plasma exposure 
b Beyond 10 s of  atmospheric pressure He/O2 plasma treatment, water contact 

angle drops more slowly with increasing plasma exposure.  
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Figure 2.10.  The lap shear fracture surface of FR-4 coupons is 

located (a) at the polymer/adhesive interface for FR-4 not treated 

by atmospheric pressure He/O2 plasma, (b) within the adhesive for 

FR-4 treated by the plasma treatment, and (c) within the substrate 

laminate for FR-4 treated by the plasma and bonded with thinner 

adhesive thickness.  
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[90]. The lower rate constant recorded for strength enhancement relative to 

polymer oxidation may be due to the nature of the functional groups generated on the 

surface.  For example, the carboxylic acid groups, which are known to form strong bonds 

with epoxy adhesive,  formed less quickly than the hydroxyls and carbonyls under the 

He/O2 plasma [51,74,75,91-94]. 

The fracture surfaces of FR-4 specimens have been examined visually after the 

lap-shear test in order to determine the failure mode.  Pictures of the fracture surfaces of 

the control and plasma treated samples are presented in Figure 2.10.  The control sample 

(a) exhibited 100% adhesional failure, exposing large areas of bare FR-4 surface after the 

test.  By contrast, the sample activated by the He/O2 plasma exhibited 100 % cohesive 

failure in the epoxy underfill, as can be seen by the uniform gray coating on both coupons 

in (b). The bonded regions of the control and plasma treated samples were further 

inspected using an optical microscope at 50 X magnification.  The microscope image 

confirms the failure modes stated above.  Figure 2.10(c) shows the fracture surface of a 

plasma treated FR-4 sample in which the thickness of the underfill was reduced from 300 

to 200 m.  In this case, the shear plane was located within one of the FR-4 laminates.  

The lap-shear strength recorded was 12 MPa.  This is in agreement with the theory that 

lower adhesive thickness yields higher bond strength [95,96].  In summary, a few seconds 

treatment with the atmospheric He/O2 plasma yields FR-4 surfaces that are optimally 

activated for bonding to epoxy adhesives (underfill and overmold).   
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2.5.2. Polyimide Activation 

The polyimide was treated with the atmospheric pressure RF capacitive discharge 

using the same conditions as described above for FR-4: 50-mm wide plasma beam 

operated at 150 W, 0.5 L/min oxygen, 30.0 L/min helium, 5.0 mm source-to-sample 

distance, and 20 mm/s scan speed.  Shown in Figure 2.11 is the dependence of the water 

contact angle of the polyimide on plasma exposure time.  Initially, the WCA was 64°±8°.   

Within 0.2 s plasma exposure, the WCA fell rapidly to 20°, and then remained constant at 

20° from 0.2 to 1.5 s.  At longer exposure times, it decayed slowly to below 10°.  The fast 

and slow decay curves were fitted with the model given by Equation (5) above.  The best 

fit yielded values for kwca1 and kwca2 were 12.8±3.0 and 0.2±0.04 s-1, respectively.  These 

first order rate constants are similar to those recorded for the FR-4.  

Table 2.10 lists the surface roughness of polyimide samples measured by atomic 

force microscopy after 0.0, 0.5, 10.0, 30.0, and 60.0 seconds of atmospheric He/O2 

plasma treatment.  In this case, the surface roughness of polyimide increased from 7±3 

nm to 18±8 nm after 0.5 s of treatment.  The roughness value remained stable out to 10.0 

seconds, but then further increased to 25 nm at 30.0 and 60.0 s of processing.  The 

change in roughness with time is most likely due to polymer etching. 

The change in surface composition of polyimide during plasma activation was 

characterized by XPS.  In this polymer, the atomic percentages of carbon, oxygen and 

nitrogen are 76%, 17% and 7%, respectively.  From the areas under the C 1s, O 1s and N 

1s photoemission peaks, the atomic percentages of carbon, oxygen and nitrogen found on 

the untreated, control were 74%, 21% and 5%, respectively.  This demonstrates good  
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Figure 2.11.  Dependence of the water contact angle (WCA) of 

polyimide on exposure time to the atmospheric pressure He/O2 

plasma.  Solid dots (   ) are data collected when WCA drops 

sharply with plasma exposure and open circles (  ) are data 

collected when WCA becomes less sensitive to increasing 

plasma exposure. 
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Table 2.10.  Dependence of polyimide surface 

roughness on exposure time to the atmospheric 

pressure He/O2 plasma. 

Exposure Time (s) Roughness (nm) 

0 7 ± 3 
0.5 18 ± 8 

10.0 17 ± 3 

30.0 25 ± 3 
60.0 25 ± 4 
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agreement with the bulk values.  After sufficient exposure to the atmospheric pressure 

discharge, the carbon, oxygen and nitrogen amounts changed to 65%, 29% and 6%.  The 

dependence of the surface oxygen concentration on treatment time is presented in Figure 

2.12.  Treatment was essentially complete after 1.0 s of exposure.  The curve in the 

Figure is the best fit of Equation (6) to the data.  The first-order rate constant obtained for 

atmospheric plasma oxidation of polyimide is kO = 2.9±1.5 s-1.  This value is close to that 

measured for FR-4 surface oxidation. 

Figure 2.13 shows the carbon 1s spectra of polyimide before and after plasma 

activation.  The spectrum of the control sample has been deconvoluted into four peaks 

located at 284.6, 285.5, 286.1, and 288.3 eV.  These features are assigned to the 

aromatic/aliphatic carbon atoms (C=C and C-C bonds), amine carbon atoms (C-N bond), 

alcohol and ether carbon atoms (C-O bonds), and carbonyl carbon atoms (C=O bonds), 

respectively.  The spectrum of the plasma treated specimen shows an additional peak at 

289.1 eV, which is assigned to carboxylic acid groups (O-C=O bond) [59,89,97-99].  

Based on the areas under each of the peaks, the distribution of surface carbon between 

these states was found to be 67% aromatic/aliphatic, 7% amine, 15% alcohol/ether, and 

12% carbonyl groups.  

Shown in Figure 2.14 is the distribution of oxidized carbon atoms on the 

polyimide surface as a function of the exposure time to the atmospheric pressure He/O 2, 

RF capacitive discharge.  Initially, the untreated surface had roughly equal amounts of 

carbon atoms in C-O single-bonded and C=O double-bonded states.  The amounts of 

these species increased on the surface with 0.5 s of plasma exposure.  Then at 1.0 s of  
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Figure 2.12.  The oxygen atomic% on the polyimide surface as a 

function of exposure time to the atmospheric pressure He/O2 

plasma. 
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Figure 2.13.  The carbon 1s spectra for polyimide: (a) before plasma treatment, and (b) 
after 10 s exposure to the atmospheric pressure He/O2 plasma. 
  

(a) 

(b) 
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Figure 2.14.  Distribution of oxidized carbon groups on the polyimide 

surface before and after the atmospheric pressure He/O2 plasma treatment.      

represents the C-O groups,     represents the C=O groups, and     represents 

the O=C-O groups. 
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plasma exposure, a significant number of carboxylic acid groups were generated on the 

surface.  The distribution of species, 44% C-O, 30% C=O and 26% O-C=O, remained 

constant with longer treatments out to 30.0 s. 

The effect of plasma treatment on the bond strength between polyimide and epoxy 

underfill was qualitatively evaluated using the T-peel test (ASTM D-1876) [68]. 

However, the sample preparation procedure was modified from the standard protocol as 

follows:  Two pieces of 17.8 x 10.2 cm2 polyimide sheets were bonded together using 

Hysol FP4549 underfill resin.  The dimension of the bonded area was 12.7 x 10.2 cm2.  

The bonded sample was cured at 160 oC and 55.2 MPa.  The thickness of the underfill 

was controlled at 400 m by using a stainless steel spacer during the adhesive cure.   

Figure 2.15 shows the failure mode of the PI samples after the T-peel test.  The 

untreated polyimide sheet was completely removed from the underfill surface when a 

peeling motion was applied.  The force required for the delamination to occur was so 

small that it could not be detected by the 10 kN load cell on the Instron.  In contrast, the 

plasma treated polyimide sheet was bonded to the underfill so strongly such that the sheet 

broke at the edge of the bonded region.  Since the failure had occurred in the substrate, 

the quantitative bond strength between the plasma treated PI and the underfill could not 

be determined.   

Polyimide treated with the atmospheric pressure He/O2 plasma shows a dramatic 

improvement in bond strength to epoxy underfill.  The degree of improvement is as good 

if not better than that reported for vacuum plasma treatment.  Surface activation of the   
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Figure 2.15.  T-peel failure mode of polyimide (PI) samples is (a) 

interfacial for PI not treated by atmospheric pressure He/O2 plasma 

treatment, and (b) cohesive in the polymer for PI treated by the 

plasma treatment. 

  

(a) (b) 
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polymer changes the failure mechanism from interfacial at the adhesive-PI interface to 

cohesive within the underfill layer, or within the bulk PI film itself.  The results presented 

above show that the bond strength correlates with the oxidation of the PI surface.  A 

significant number of carboxylic acid groups are generated by plasma treatment, and 

these appear to be effective for chemically bonding to the epoxy adhesive [91,92]. 

The polymer chains comprising FR-4 and polyimide contain many aromatic rings.   

These rings are attacked by the atomic oxygen atoms produced in the plasma.  In order to 

produce one carboxylic acid functional group, the aromatic ring must react with 3 oxygen 

atoms [75].  Therefore, one expects that plasma sources generating a large flux of 

ground-state oxygen atoms should activate these materials quickly.  This is borne out by 

the results presented above.  The atmospheric pressure RF capacitive discharge in He/O 2 

generates up to 1.0 volume% oxygen atoms in the beam exiting from the so urce [51].  

The bond strength of FR-4 and polyimide towards epoxy adhesives is maximized after 

1.0 to 2.0 seconds exposure to this plasma beam. 

2.6. Vacuum versus atmospheric plasmas for use in semiconductor packaging 

The results presented in this chapter indicate that both vacuum plasmas and RF 

atmospheric pressure plasmas are effective for activating polymer surfaces for adhesion.  

Therefore, the selection of the appropriate equipment for surface activation should be 

based on the specific application, and which process provides the desired throughput, cost 

of ownership, and yield.  In cases where large parts, such as whole PCBs, need to be 

treated, the vacuum plasma may be the lowest cost option.  Since this machine operates 

in batch mode, large numbers of PCBs can be stacked on shelves and treated 
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simultaneously inside the chamber.  By contrast, if one wants to treat a single part at a 

time, and to be able to trace back the plasma process performance to individual parts that 

were treated, then the atmospheric pressure plasma may be the bet ter option.  This is 

particularly true if the plasma can damage some of the materials passing through the 

process, such as the JEDEC trays.  An advantage of the atmospheric pressure plasma is 

that it only treats those parts of the substrate that are scanned over by the reactive gas 

beam, and leaves the rest of the workpiece untouched. 

Another difference between atmospheric and vacuum discharges is the way the 

substrate is contacted with the plasma.  In the former case, the substrate is placed 

downstream of the plasma, so that the sample surface is only subjected to neutral reactive 

species that survive in the afterglow.  By contrast, in the vacuum plasma, the substrate is 

immersed in the ionized gas discharge.  Here, the sample surface is subjected to energetic 

electrons, high-energy argon ion bombardment, UV light, and the reactive neutral species.  

Argon ion bombardment can be advantageous if inorganic contaminants need to be 

sputtered off the substrate surface.  On the other hand, if the bond pad consists of a 100 

nm of gold on top of copper, then you certainly do not want Ar+ sputtering to occur.  In 

this case, the atmospheric pressure plasma may be the best choice, because it will 

thoroughly clean the gold without sputtering away a single Au atom.   

In addition to activating polymer surfaces for bonding, vacuum and atmospheric 

pressure plasmas may be used to remove organic contamination [100].  Commonly seen 

organic contaminants in electronic packaging include epoxy bleed out during die attach, 

solder flux residue after reflow, and smears following via drilling.  The presence of these 

contaminants on the substrate surface will adversely affect the assembly operation.  The 
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atmospheric pressure He/O2 plasma, with an atomic oxygen concentration of up to 1.0 

volume% in the reactive gas beam can rapidly oxidize these contaminants and convert 

them into CO2 gas [74].  In addition, since the plasma beam may be focused into a small 

spot that cleans only the area of interest, the process will not affect nearby delicate and 

expensive integrated circuits.   
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Chapter 3 

Surface Preparation using Atmospheric Pressure Plasma for Adhesive Bonding of 

Carbon-Fiber-Reinforced Epoxy Laminates  

Abstract 

The effect of surface preparation methods on the surface composition of carbon-

fiber-reinforced composites (Cycom® 5320-1/IM7 and Cycom® 977-3/IM7) has been 

studied.  Methods of interest include peel ply, mechanical abrasion, and atmospheric 

pressure plasma oxidation.   Analyzing untreated 5320-1 and 977-3 by X-ray 

photoelectron spectroscopy revealed that the surfaces contained 26 and 30 atom% 

fluorine, respectively.  The fluorine may affect the adhesive bonding of composites and 

can be removed by using peel ply or aggressive sanding.  Exposure to plasma was the 

only technique that increased the oxygen concentration of 5320-1 and 977-3, raising them 

to 33 and 40 atom%, respectively.  The changes in surface chemistry after different 

treatments were compared to published work.  Results from previous publicatio ns 

suggested that the change in surface chemistry of 5320-1 and 977-3 by plasma oxidation 

is likely to increase their adhesive bonding strength. 
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3.1 Introduction 

Carbon fiber reinforced composite (CFRC) continued to gain traction as structural 

material for aircrafts and satellites.  Adhesively bonded CFRCs show many advantages 

over metals held together by mechanical fasteners and rivets.  Benefits brought about by 

CFRC include high strength-to-weight ratio, easy to shape, resistance to corrosion, high 

stress bearing area, and fast repair capability [1].  Previous work has reported that 

pretreating the surface of composites with peel ply, sanding, and atmospheric pressure 

plasma [2,3] leads to higher adhesion strength between the composites and adhesives.  

The enhancement in adhesion has been attributed to cleaner surfaces, a rougher 

morphology, higher oxygen concentrations, and the presence of specific functional 

groups 

Here, we report on effects of different treatments on the surface chemistry of 

carbon fiber reinforce epoxy composites (Cycom® 5320-1/IM7 and Cycom® 977-3/IM7).  

Samples were treated with peel ply, sanding, and atmospheric pressure helium and 

oxygen plasma and characterized using X-ray photoelectron spectroscopy (XPS).  The 

effect of each treatment on the surface chemistry of the CFRC has been compared to 

previous work.  A close relationship between surface chemistry and adhesion is shown. 

3.2 Experimentation 

3.2.1 Materials 

The fiber reinforced epoxy composites used in this work were Cycom® 5320-

1/IM7 (5320-1) and Cycom® 977-3/IM7 (977-3).  Some of the 5320-1 samples were 

fabricated with peel ply while all of the 977-3 samples were manufactured without peel 
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ply.  When peel ply was not used, the sample surface was covered with a release film 

during manufacture.  In addition, one sample of MTM45-1/IM7 was used for comparison 

purpose in the discussion of surface cleanliness.  More information on the MTM45-

1/IM7 system can be found in the paper by Cheng et al [4].   

 Two-ply polyester acetone cloth (PROSAT® Quiltec®) was used to clean the 

sample surface.  Sand paper with 200 grit was used when abrasion of the specimens was 

required.  

3.2.2 Sample preparation 

After peel ply (PP) or release film was removed from the sample, the surface was 

cleaned with an acetone wipe (AW) and dried.  Afterwards, the sample was treated by 

sanding, plasma oxidation, or a combination of the two methods.  Whenever sanding was 

required, the sample was abraded with the 200 grit sand paper.  There were three levels of 

abrasion.  The lightly sanded (S-) surface was gently abraded for 5 passes. The 

moderately sanded (S) surface was abraded until the reflective surface turned dull gray.  

The aggressively sanded (S+) surface was abraded until fiber became visible.  Unless 

otherwise specified, when plasma oxidation was used in series with abrasion, the 

composite sample was moderately sanded.  All sanded samples were cleaned with 

acetone and dried immediately after the abrasion.  Since all samples were cleaned with 

acetone wipe, for the remaining part of this paper, epoxy composites fabricated without 

peel ply are referred to as AW, epoxy composites fabricated with peel are referred to as 

PPAW, and epoxy composites treated with mechanical abrasion are referred to as 

PPSAW and SAW for those fabricated with and without peel ply, respectively. 
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 Plasma activation was accomplished using a Surfx® Technologies AtomfloTM 

system equipped with a 2-in-wide linear beam source.  The plasma was struck with radio 

frequency (RF) power at 27.12 MHz.  The RF generator and matching network were 

model RF-3X and AM-10 from RF VII, Inc, respectively.  An I&J Fisnar 7000C robot 

was used to translate the plasma source over the samples.  A source to substrate distance 

of 2.0 ± 0.5 mm was maintained during all experiments.  The scan speed of source over 

substrate used for 5320-1 was 14.8 ± 0.3 mm/s and for 977-3 was 4.3 ± 0.1 mm/s.  At 

these scan speeds, the number of scans corresponding to 1 second of plasma exposure 

time has been calculated to be 4 and 1 scan for 5320-1 and 977-3, respectively.  Plasma 

exposure time was estimated following the procedure described by Gonzalez et al [5].  A 

more detailed description of the plasma system and calculated exposure time can be 

found in the work by Cheng et al [4].  The RF power and gas flow used to generate the 

plasma are listed in Table 3.1 below. 

3.2.3 Chemical and mechanical characterization 

 The  surface composit ion and carbon bond ing states  o f the CFRC were 

characterized using X-ray photoelectron spectroscopy (XPS) in an ultrahigh vacuum 

chamber with a base pressure of 1 x 10-9 Torr.  Immediately after treatment, the sample 

coupon was placed into the chamber and characterized.  Exposing samples to Mg K X-

ray at 1253.6 eV excited core electrons from carbon (C) 1s, oxygen (O) 1s, nitrogen (N) 

1s, fluorine (F) 1s, sulfur (S) 2p, and silicon (Si) 2p energy levels.  The photoelectrons 

were detected using a PHI 3057 spectrometer.  All spectra were taken in small-area mode 

with a 7o acceptance angle and 23.5 eV passing energy.  The takeoff angle with respect to 

the surface normal was 25o.  The C 1s, O 1s, N 1s, F 1s, S 2p, and Si 2p peaks were  
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Table 3.1. Plasma oxidation parameters for composite systems. 

Material 
Power 

(W) 

Helium 

(LPM) 

Oxygen 

(LPM) 

Standoff 

(mm) 

Scan Speed 

(mm/s) 

Number 

of Scans 

5320-1 150 30 0.50 2 14.8 4 
977-3 180 30 0.75 2 4.3 1 
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referenced to sp2/sp3 carbon (284.6/285.0 eV), hydroxyls (532.8 eV), amine (298.4 eV), 

CF2 (688.9 eV), SO4
-2 (168.5 eV), and SiO2 (100.4 eV) [6].  The surface composition was 

calculated by integrating the photoemission peak intensity of each element and dividing 

by their corresponding sensitivity factors.  These factors were 0.296, 0.711, 0.477, 1.000, 

0.666, and 0.339 for C 1s, O 1s, N 1s, F 1s, S 2p, and Si 2p, respectively.  

 Error sources in XPS characterization include sample loading, measurement, and 

data analysis.  The error from sample loading was determined by transferring the same 

sample from the loading chamber to the stage three times and obtaining photoelectron 

spectra each time.  The surface composition and carbon bonding states of the three 

spectra were compared, and the standard errors range was calculated.  To account for 

error arising from the measurement, a sample was characterized three times without 

leaving the stage.  To account for error arising from data analysis, the same set of data 

was deconvoluted three times.  The standard errors for surface composition were 2.3, 2.5, 

and 0.6 atom% for carbon, oxygen, and nitrogen, respectively.  The standard errors for 

the carbon bonding state were 3.2, 3.1, 2.5, and 1.4 % of total carbon atoms for sp2/sp3 

carbon, hydroxyl carbon, carbonyl carbon, and carboxylic acid carbon, respectively. 

3.3 Results 

3.3.1 Effect of treatment methods on surface composition of 5320-1/IM7 

Figure 3.1 shows the survey spectra of as-received 5320-1/IM7 with and without 

peel ply.  The spectrum of the specimen fabricated without peel ply shows a strong peak 

at 688.9 eV, which is due to fluorine.  In contrast, the specimen fabricated with peel ply 

does not have a photoemission peak at 688.9 eV.  This implies that using peel ply during  
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Figure 3.1.  Survey spectra of 5320-1 fabricated 

without peel ply (AW) and with peel ply 

(PPAW). 
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Figure 3.2.  Survey spectra of 977-3, 5320-1, 

and MTM45-1 fabricated without peel ply. 
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manufacturing will prevent fluorine contamination of the composite surface.  Figure 3.2 

shows the survey spectra of 977-3, 5320-1, and MTM45-1 manufactured without peel ply.  

Spectra of both 5320-1 AW and 977-3 AW exhibit evidence of fluorine, but the spectrum 

of MTM45-1 AW remains fluorine free. 

Feedback from the material supplier, indicates that the 5320-1 and 977-3 were 

fabricated using the same release film, but MTM45-1 was cured with a different release 

film.  This information suggests that fluorine on the 5320-1 and 977-3 were transferred 

there from the release films used during the high temperature cure.  Therefore, the 

selection of the release film plays a major role in the cleanliness of the composite surface.  

In addition to fluorine, traces of sulfur and silicon have been identified in the survey 

spectra of 5320-1 and 977-3.  Sulfur is used in the iron catalyzed production of carbon 

fiber [7], moreover silicon is an ingredient for lubricants and mold releases [8].  However, 

because the detected concentrations of sulfur and silicon are only 0.7 and 3.9 atom%, 

these elements will not be examined further in this work. 

 Fluorinated polymers, due to their low surface energy can contribute to poor 

adhesion between the composite and the adhesive [9].  Table 3.2 shows that applying peel 

ply to the composite can prevent fluorine transfer to the bonding surface.  However, peel 

ply and peel ply plus sanding do not change the oxygen concentration on the surface of 

the sample.  Table 3.3 shows the effect of plasma oxidation on 5320-1 AW.  After 15 s of 

plasma exposure, the surface concentration of fluorine is reduced to 1.0 atom%.  

Simultaneously, the oxygen concentration increases from 23.5 to 33.4 atom% in 15 s.  

The nitrogen concentration also increases from 2.9 to 9.3 atom%. 
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Table 3.2.  Effect of peel ply and peel ply plus sanding on the 

surface chemistry of 5320-1 AW epoxy composite. 

 Surface composition (atom%) 

 C1s O1s N1s F1s 

AW 42.9 23.5 2.9 26.0 
PPAW 70.1 26.4 2.1 0.0 

PPSAW 72.4 22.0 3.7 0.2 
PPS+AW 75.6 17.2 5.0 0.4 

PPS-AW 73.6 19.8 4.6 0.4 
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Table 3.3.  Effect of plasma oxidation on the surface chemistry 

of 5320-1 AW epoxy composite. 

 Surface composition (atom%) 

 C1s O1s N1s F1s 

0 s Plasma 42.9 23.5 2.9 26.0 

1 s Plasma 54.5 15.1 2.8 23.7 
3 s Plasma 49.7 22.8 4.5 19.1 
6 s Plasma 48.1 27.8 8.8 9.1 

9 s Plasma 45.7 32.8 9.9 3.7 
15 s Plasma 47.5 33.4 9.3 1.0 
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Figure 3.3.  a) Carbon 1s spectrum of 5320-1 AW before cleaning and after 15 s of 

treatment.  
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Figure 3.3a) and 3.3b) shows the C 1s spectra of 5320-1 AW before and after plasma 

cleaning.  Deconvoluting the spectrum of the control sample reveals C-Fx species.  The 

C-O and C-F peaks in the C 1s spectrum are overlapping, thus the carbon bonding states 

cannot be sorted out in this case.  After 15s of plasma oxidation, the C 1s spectrum of the 

fluorine-free surface is deconvoluted into four peaks.  The two major peaks at 284.6 and 

286.2 eV correspond to the C-C and C-OH bonds.  Two smaller peaks located at 287.9 

and 289.0 eV are assigned to C=O and O=C-OH bonds.  This result suggests that plasma 

oxidation of 5320-1 AW converts aromatic and aliphatic carbons into alcohols, and to a 

much less extent, carbonyls and carboxylic acids. 

Figure 3.4 shows the response of 5320-1 PPAW to increasing plasma exposure 

times.  From 0 to 9 seconds, the oxygen concentration increases linearly from 26.4 to 

44.8 atom%.  Beyond 9s, the change in oxygen concentration with increasing plasma 

exposure is minimal.  In the absence of fluorine atoms, the C 1s spectra before and after 

plasma oxidation are deconvoluted to C-C, C-OH, C=O, and O=C-OH groups, which are 

located at 284.6, 286.2, 287.9, and 289.0 eV, respectively. 

  Figure 3.5 shows the effect of plasma exposure time on the carbon bonding 

states of 5320-1 PPAW.  The fraction of oxidized carbon increases from 31.7 to 49.9 % 

of the total carbon atoms after 1 s of oxidation, and this value changes only slightly for 

exposure time beyond 1 s.  Note that the fraction of oxidized carbon differs somewhat 

from the surface oxygen concentration in Figure 3.4.  This difference is explained by the 

presence of elements other than C and O on the surface.  The concentration of hydroxyl 

groups increases from 25.1 to 41.4 % of the total carbon after 1s of plasma oxidation.  
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Figure 3.4.  Oxygen concentration on the surface of 

5320-1 PPAW as a function of plasma exposure 

time. 
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Figure 3.5.  Fraction of oxidized carbon ( ), C-OH 

( ), C=O ( ), and O=C-OH ( ) as a function of 

plasma exposure time for 5320-1 PPAW.   

  



99 
 

 

 

 

 

 

 

Figure 3.6.  Oxygen concentration on the surface of 

5320-1 PPSAW as a function of plasma exposure 

time. 
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After 1s, the concentration of hydroxyl group remains constant.  Conversely, the fractions 

of carbonyl and carboxylic acid groups are unaffected by the plasma oxidation, and each 

of these groups account for 4 ± 2 % of total carbon atoms.  These results are similar to 

plasma oxidation of 5320-1 AW for 15 s, which converts carbon atoms to mostly 

hydroxyl groups with little increase in the concentration of carbonyl and carboxylic acid 

groups. Figure 3.6 shows the response of the surface oxygen concentration on sanded 

5320-1 (PPSAW) to plasma exposure time.  In contrast to the unsanded 5320-1 (PPAW), 

the surface composition is more sensitive to plasma oxidation.  The oxygen concentration 

of 5320-1 PPSAW increases rapidly.  The surface oxygen concentration of 5320-1 

PPSAW increases from 22.0 atom% before treatment to 39.9 atom% after 3 s of exposure 

to the He+O2 plasma.   

The distribution of carbon bonding states is plotted in Figure 3.7.  Within 1 

second, the fraction of oxidized carbon rises rapidly from 16.3 to 48.9 % of total carbon 

atoms.  When the exposure time is extended beyond 1 s, the amount of oxidized carbon 

decreases gradually to about 26 ± 4 atom% of to tal carbon atoms.  Similarly, the 

percentage of hydroxyl groups jumps from 14.3 to 32.7 % in 1 s of exposure.  Thereafter, 

the fraction of hydroxyl groups declines with exposure to about 17 ± 3 atom% after 9s of 

oxidation.  The fractions of C=O and O=C-OH groups on 5320-1 PPSAW shows some 

initial response to plasma oxidation.  In 6 s, the percentage of carbonyl group increases 

from 0.8 % of total carbon atoms to 3.6 % and the percentage of carboxyl group increases 

from 1.2 % of total carbon to 12.6 %.  Beyond 6s of treatment, the carbonyl and 

carboxylic acid groups decrease gradually in concentration to about 5.0 atom %. 
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Figure 3.7.  Carbon bonding state on the surface of 

5320-1 PPSAW including total oxidized carbon 

( ), C-OH ( ), C=O ( ), and C-OOH ( ) as a 

function of plasma exposure time. 
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Table 3.4.  Effects of mechanical abrasion on the surface 

chemistry of 977-3. 

 Surface composition (atom%) 

 C1s O1s N1s F1s 

AW 46.2 17.4 1.9 29.9 
SAW 59.1 16.0 2.9 18.6 
SAW+ 43.8 40.8 9.1 1.4 

SAW- 57.6 19.8 2.8 15.4 
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Table 3.5.  Effects of plasma oxidation on the surface chemistry 

of 977-3. 

 Surface composition (atom%) 

 C1s O1s N1s F1s 

AW 0s Plasma 46.2 17.4 1.9 29.9 
AW 3s Plasma 20.3 40.8 0.5 24.6 
AW 6s Plasma 20.8 43.1 1.0 20.9 

AW 9s Plasma 34.9 32.9 3.1 22.2 
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3.3.2 Effect of treatment methods on surface composition of 977-3/IM7 

Since 977-3/IM7 composites were fabricated without peel ply, the surfaces of 

these as-receive samples were covered with up to 30 atom% fluorine.  Table 3.4 shows 

the effect of mechanical abrasion on the surface chemistry of 977-3 AW.  It is seen that 

though sanding is capable of removing fluorine atoms from 977-3, the cleaning process is 

highly dependent on the applied force and abrasion time.  Very aggressive abrasion is 

needed to create a fluorine free surface.  Table 3.5 shows the effect of plasma oxidation 

on 977-3 AW.  Unlike the treatment of 5320-1 AW, 9 s of plasma oxidation on 977-3 

AW only reduces the concentration of fluorine atoms to 22 ± 2 %.  The different response 

by 5320-1 AW and 977-3 AW to plasma cleaning is likely due to the difference in the 

diffusion depth of fluorine atoms into the composites during curing.  Table 3.6 shows the 

combined effect of mechanical abrasion and plasma oxidation in reducing the 

concentration of fluorine atoms on 977-3.  In this case, 9 s of plasma cleaning reduces the 

concentration of fluorine atoms to 8.1 atom%. 

Also evident in Tables 3.4, the oxygen concentration on 977-3 does not change 

with mechanical abrasion unless aggressive sanding is employed.  It is suspected that 

when a sample is abraded aggressively, the treatment removes contaminated surface layer 

to expose an oxygen-rich underlayer, leading to an increase in oxygen concentration from 

17.4 to 40.8 atom%. Table 3.5 shows that 3 s of plasma oxidation increases the surface 

oxygen concentration of 977-3 to a value of 38 ± 5 atom%.  Since both C-Ox and C-Fx 

are present on the sample surface, it is difficult to identify the carbon bonding states by 

deconvolut ing the C 1s peak.  Table 3.6 shows that the oxygen concentration on  
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Table 3.6.  Combined effects of mechanical abrasion and plasma 

oxidation on the surface chemistry of 977-3. 

 Surface composition (atom%) 

 C1s O1s N1s F1s 

SAW 0s Plasma 59.1 16.0 2.9 18.6 
SAW 3s Plasma 60.9 25.9 4.8 6.3 
SAW 6s Plasma 52.8 26.7 4.6 12.7 

SAW 9s Plasma 54.8 27.5 5.2 8.1 
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moderately sanded 977-3 increases from 16.0 to 25.9 atom% after 3 s of plasma exposure, 

and remains constant with further treatment time.   

3.3.3 Effect of surface treatment on composite adhesion 

The surface chemistry of 5320-1 and 977-3 collected after different treatment 

methods correlates well to previously published results.  For example, Hollaway et al. [10] 

and Flinn et al. [11] stated that the function of peel ply is to prevent contamination and to 

provide a clean bonding surface.  Davies et al. [12] affirms that samples fabricated using 

peel ply do not show higher bonding strength than clean samples fabricated without peel 

ply.  Results from these researcher coincides with the current finding that peel ply does 

not functionalize the composite.  Jölly et al. [13] and Zaldivar et al. [2,14] discovered that 

the increase in adhesion strength after mechanical abrasion is related to the surface 

structure of the specimen.  In fact, Gude and coworkers [15] reported that after abrasion, 

the mode I fracture energy of a composite shows a linear relation to its surface roughness.  

This information address the question why is the surface oxygen concentration 

insensitive to sanding when mechanical abrasion is known to improve the bonding 

strength between adhesively jointed composites. 

Zaldivar and coworkers [2,14] have also noticed that the oxygen plasma 

activation of fiber reinforced epoxy composite affects both the surface chemistry of the 

composite and its adhesive bonding strength.  They correlated the bonding strength to the 

extent of surface oxidation, specifically the fraction of carbons that are carboxylic acids.  

In their case, Zaldivar reported that the adhesion strength of the bonded joint increases 

linearly with the concentration of carboxylic acids.  Williams et al. [3] have summarized 
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the effect of plasma activation on the adhesive bonding between polymers.  In his work, 

the increase in adhesion strength between polymers after plasma activation was only 

related to the total oxygen concentration on the polymer surface instead of specific 

functional group.  In current work, an increase in the oxygen concentration on 5320-1 and 

977-3 is observed after plasma activation.  The results from this work show that plasma 

activation of composite surface converts carbon atoms into hydroxyl group instead of 

carboxylic acid groups, as in the case of Zaldivar et al [2,14].  However, this result could 

be simply a difference in the composition of the epoxy resin used to make the material.  

The stiffness of the carbon fibers may also play a role in the effect of preparation 

procedure on adhesion strength and failure mode. 

It is expected that the oxidation of carbon atoms into hydroxyl groups should 

contribute toward enhancing the adhesive bonding strength 5320-1 and 977-3 samples, as 

see in examples in Williams’ review.  Lastly, it is interest to note that after Zaldivar 

treated the epoxy composite with the plasma, there were 2 to 4 atom% fluorine remaining 

on the bonding surface [2].  This however, didn’t prevent the adhesively bonded sample 

from achieving 100% cohesive failure.  We hypothesize that the fluorine contaminant 

may not play a major role in the adhesion of plasma oxidized samples, because the high 

concentration of oxidized functional groups provides sufficient sites for the adhesive to 

bind to. 

3.4 Summary 

 Different surface preparation methods were compared for Cycom® 5320-1/IM7 

and 977-3/IM7 composite systems.  It was found that the untreated surfaces of both 



108 
 

epoxy composite were rich in fluorine contaminants.  Applying peel ply to the composite 

surface prevented contaminant diffusion surface layer, however peel ply removal did not 

activate the composite.  Mechanical abrasion and plasma oxidation slowly removed 

fluorine contaminants from the composite surfaces.  However, only plasma treatment was 

able to populate the sample surface with functional groups.  The surface chemistry of 

5320-1 and 977-3 showed good correlation to previous work.  For the effect of different 

surface preparation procedures on the adhesion strength of 5320-1/IM7 and 977-3/IM7, 

refer to work by Cheng et al [4] and Palmer et al [16]. 
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Chapter 4 

Rapid Oxidative Activation of Carbon Nanotube Yarn and Sheet by a Radio 

Frequency, Atmospheric Pressure Helium and Oxygen Plasma 

Abstract 

 Carbon nanotube yarn and sheet were activated using radio frequency, 

atmospheric pressure, helium and oxygen plasmas.  The nanotubes were exposed to the 

plasma afterglow, which contained 8.0x1016 cm-3 ground state O atoms, 8.0x1016 cm-3 

metastable O2 (1∆g), and 1.0x1016 cm-3 ozone.  X-ray photoelectron spectroscopy and 

infrared spectroscopy revealed that 30 seconds of plasma treatment converted 25.2 % of 

the carbon atoms on the CNT surface to oxidized species, producing 17.0 % alcohols, 

5.9 % carbonyls, and 2.3 % carboxylic acids.  The electrical resistivity increased linearly 

with the extent of oxidation of the CNT from 4 to 9 x10-6 -m.  On the other hand, the 

tensile strength of the yarn was decreased by only 27% following plasma oxidation.   
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4.1 Introduction 

The characterization of the multiwall carbon nanotubes (CNTs) by Sumio Iijima in 1991 [1] 

initiated a two-decades long research effort to exploit the mechanical, electrical, and thermal 

properties of these materials.  One of the proposed uses of carbon nanotubes is to serve as a 

reinforcement material in composites.  The ability of the nanotubes to improve composite 

properties depends heavily on their compatibility with the polymer matrix.  Carbon nanotubes 

tend to agglomerate, and are difficult to disperse in organic or inorganic solvents [2].  Thus, one 

of the challenges in fabricating carbon nanotube reinforced composites is to uniformly distribute 

a high percentage of the nanotubes in the resin.  In more recent years, the production of nanotube 

fibers, yarn and sheet, has provided a means of making large-scale structures out of CNT 

reinforced composites.  However, the carbon nanotube yarns and sheets exhibit tensile strengths 

well below their theoretical limits, i.e., in the range of 1.0 – 2.0 GPa, due to fiber pull out within 

the nanotube bundles [3].  To overcome this problem, methods are being developed to crosslink 

together the CNT with resins.  

 Currently, the standard approach to activate carbon nanotubes for chemical coupling is to 

immerse them in an acid solution at elevated temperature for several hours [4].  Acids commonly 

used to treat nanotubes include nitric acid, sulfuric acid, piranha solution, or a mixture of nitric 

and sulfuric acids.  This treatment inserts hydroxyl (-OH) and carboxylic acid (-COOH) groups 

onto the nanotube surface, which enables it to form covalent bonds with polymers.  The harsh 

reaction conditions in the acid bath convert a large fraction of the sp2 carbon atoms into ketones 

and carboxylic acids through ring opening reactions.  This can lead to structural damage of the 

CNT and reduces the tensile strength of yarns and sheets [5]. Alternatively, the carbon nanotubes 

may be activated under more mild conditions using plasma chemistry [6].   
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Plasma treatment of carbon nanotubes has been performed under vacuum and at 

atmospheric pressure.  The length of nanotubes exposure to vacuum plasma can vary from 5 s to 

1800 s, and up to 25 % of the carbon atoms are oxidized [7-11].  By comparison, atmospheric 

pressure plasmas are more suitable for continuous processing of CNT.  Previous work on treating 

nanotubes includes: arc- like discharges [12, 13], dielectric barrier discharges [5, 14, 15], and 

radio frequency (RF) argon and oxygen plasma [16-18].  The plasma treatment time of CNTs at 

atmospheric pressure ranges from 3 s to 120 s.  Up to 9.0 atom% oxidized carbon groups have 

been generated. 

 In this work, we report on the activation of carbon nanotube yarn and sheet using a radio 

frequency (RF), atmospheric pressure (AP), helium and oxygen plasma.  Changes in the 

chemical properties of the CNT have been analyzed by water contact angle measurements 

(WCA), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-

IR), and scanning electron microscopy (SEM).  In addition, the mechanical and electrical 

properties of the nanotube yarn were measured using a microforce tensile machine and a 

multimeter.  It was found that a maximum of 25 % of the exposed carbon atoms on the CNT 

were oxidized by the plasma over an exposure time of 30 s, which is a significantly higher level 

of activation.  This doubled the electrical resistivity, while decreasing the yarn tensile strength 

from about 550 to 404 MPa.  

4.2 Experimental methods 

4.2.1 Materials 

Both the carbon nanotube yarn and sheet used in this work were acquired from 

Nanocomp Inc.  The nanotubes were grown by chemical vapor deposition and were spun into a 
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yarn or compressed into a sheet after exiting the furnace.  The average diameter of a yarn ranged 

from 35 to 45 m, whereas the thickness of the sheets was approximately 20 m.  Tensile 

strength and electrical resistivity measurements were performed using the yarn, conversely, the 

surface characterization by XPS, FT-IR, and SEM was performed on the sheet.  

4.2.2 Plasma treatment 

An AtomfloTM 400L2 from Surfx® Technologies LLC was used in this work.  The 2- inch 

wide linear plasma source was powered by an RF generator with a matching network operating 

at 27.12 MHz.  The plasma was fed with 30.0 L/min of industrial grade helium (99.995%) and 

0.5 L/min of ultrahigh-purity oxygen (99.999%) at 1 atm, and it was operated with 150 W of 

applied power.  An XYZ robot, RB300-XY from Surfx® Technologies LLC, was used to 

accurately and reproducibly translate the plasma source over the samples.   

Prior to plasma treatment, the nanotube yarn was cut into 4.0 cm or 10.0 cm segments, 

while the sheet was cut into squares with dimensions of 1.0 x 1.0 or 2.0 x 2.0 cm2.  The samples 

were fixed to a stage during the experiment, and the plasma device was adjusted to a 5.0 mm 

vertical distance from the sample.  The plasma device was then scanned over the sample at 200 

mm/s or 20 mm/s depending on the desired exposure time.  The exposure time under the plasma 

was calculated by dividing the effective plasma beam width, L, by the scan speed, and then 

multiplying by the number of scans.  For the linear beam plasma, the effective width was L=2.1 

cm [19]. 

4.2.3 Surface characterization 

The water contact angle (WCA) on a carbon nanotube sheet was measured using a Krüss 

EasyDrop goniometer.  To make the measurement, a 2 L water droplet was brought into contact 

with the sample surface.  The shape of the water droplet was captured by a digital camera, and a 
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software program quickly calculated the contact angle.  Six measurements were made for each 

sample, and the average contact angle was reported. 

 The surface composition of carbon nanotube sheet before and after the plasma treatment 

was analyzed by X-ray photoelectron spectroscopy (XPS).  The 1.0 x 1.0 cm2 square sheets were 

mounted on a molybdenum sample holder and loaded onto the stage in the ultrahigh vacuum 

chamber.  Core-level photoemission spectra of C 1s and O 1s lines were collected with a PHI 

3057 spectrometer using Mg K X-rays source at 1253.6 eV.  All XPS spectra were taken in 

small-area mode with a 7o acceptance angle and 23.5 eV passing energy.  The detection angle 

with respect to the surface normal was 25o.  The resolution of the source + analyzer is 1.4 eV.  

The collected spectra data were analyzed using XPS Peaks version 4.1.  The background 

contribution to signal intensity was removed via method proposed by Tougaard et. al [20].  The 

surface atomic composition was calculated by integrating the area under the carbon 1s and 

oxygen 1s photoemission peaks and divide the results by their respective sensitivity factor, 0.30 

and 0.71 respectively [21]. 

 Fourier transform infrared spectroscopy was used to identify the functional groups that 

were formed on the carbon nanotube surface by plasma treatment.  The FTS-50A spectrometer 

used in these experiments was manufactured by Bio-Rad, and it was equipped with a mercury 

cadmium telluride (MCT) detector.  For these measurements, the CNT sheet was cut into a 2.0 x 

2.0 cm2 square and fixed over a 13.0 mm circular opening on a stainless steel slide.  The sample 

thickness was reduced through layer by layer removal with Kapton® tape until the light 

throughput across the sample became measureable by the detector.  The spectra were collected at 

8 cm-1 resolution with signal-averaging over 2048 scans.  A single beam spectrum of the pristine 

sheet was taken first.  Subsequently, the sheet was exposed to the plasma while remaining 
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attached to the slide.  A single beam spectrum was collected after each iteration of plasma 

treatment.  Absorbance spectra were calculated of the treated samples, using the untreated 

sample as the background reference.  

The surface topography of the carbon nanotube sheet before and after plasma treatment 

was obtained using a Nova 600 NanoLab DualBeamTM SEM/FIB from FEI CompanyTM.  The 

control and plasma-activated samples were examined at a magnification of 19,000 X to 

determine the effect of the plasma process on the surface of the nanotube sheet.  More detailed 

scans of the samples were taken at approximately 150,000 X to observe changes in individual 

fibers. 

4.2.4 Dispersion in resin 

Three pieces of CNT yarn from the same spool were dispersed in 3 ml of 

dicyclopentadiene (DCPD) monomer.  The yarn samples were given three different treatments: 1) 

exposure to the plasma operated at conditions described in the first paragraph of section 2.2, with 

a 20 mm/s scan speed for 30 seconds; 2) immersion in a solution of 3 ml of DCPD monomer 

with 0.15 ml of [(5-bicyclo[2.2.1]hept-2-enyl)ethyl]trimethoxysilane coupling agent; and 3) 

plasma activation followed by immersion in the coupling agent.  Following these processes, the 

samples were immersed in DCPD monomer and placed in an ultrasonic bath for 30 minutes.  The 

amount of dispersion of the CNTs into the resin was observed visually. 

4.2.5 Electrical conductivity 

The electrical resistivity of the CNT yarn was measured by laying a 40-mm sample flat 

on an insulating glass slide.  The two ends of the yarn were glued to the slide using electrically 

conductive silver paste.  A small square of molybdenum (Mo) foil was pressed against the silver 
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paste at each end of the yarn in order to improve the sample’s contact to the electrical probes.  

Electrical measurements were taken by contacting the probe tips of a Fluke 114 multimeter to the 

molybdenum contacts. 

4.2.6 Tensile testing 

The mechanical strength of the CNT yarn was characterized by longitudinal tension.  The 

tensile test was carried out according to ASTM D 3822-07 [22], in which A MTS Tytron 250 

microforce testing system with 50 N load cell was used.  During the test, the displacement 

control was set to a crosshead speed of 5 mm/min.  Sample CNT yarns were first mounted on 

paper frames with 10 mm gauge length using cyanoacrylate glue.  The diameter of each yarn was 

measured at nine locations under optical microscope.  The average of the nine measurements was 

used to calculate the apparent cross-sectional area and subsequently to calculate the tensile 

strength of the yarns.  The measurements were performed at room temperature.  At least five 

samples were tested after each treatment time.  The average and standard deviation of the tensile 

strength were reported. 

4.3 Results 

4.3.1 Surface energy 

Pictures of the contact angle between the water droplet and the nanotube sheet before and 

after plasma treatment are shown in Figure 4.1.  Prior to plasma treatment, the carbon nanotube 

sheet has a low surface energy, making it hydrophobic with a WCA of 120o.  Exposing the CNT 

to the plasma for 10 s reduces the contact angle between the water droplet and the surface to < 5o, 

i.e. it becomes superhydrophilic.  Even with plasma exposure only on the top side of the CNT  
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Figure 4.1.  Water contact angles recorded on (a) as-received CNT sheet, (b) front side of 

CNT sheet after 10 s of plasma treatment, and (c) back side of CNT sheet after 30 s of 
plasma treatment.   
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sheet, one finds that the WCA on the backside of the CNT sheet has fallen to 30o after a 30 s of 

plasma exposure. 

The dependence of the water contact angle on the plasma exposure time is shown in 

Figure 4.2.  Here, the solid squares represent measurements that were obtained from the front 

surface of the sample, whereas the open circles represent measurements that were obtained from 

the back.  The water contact angle on the front side follows an exponential decay with exposure 

time to a final value < 5o after 5 seconds.  The contact angle as a function of the exposure time t 

was fitted with the following equation 

)]exp()[()( tkWCAWCAWCAtWCA WCAMAXoMax  , (1) 

where the WCAo is the initial contact angle, WCAmax is the final contact angle, and kW CA is the 

first-order rate constant for the reduction of the water contact angle.  The solid line in Figure 4.1 

represents the best fit of Eq. (1) to the contact angle measured on the front surface of the sheet.  

A first order rate constant of 3.1 s-1 was calculated from the fitted line. 

The contact angle values on the back surface of the CNT as a function of plasma 

exposure time are also presented in Figure 4.2.  For the first 5 s of the plasma exposure, the 

WCA on the backside is 125o. After 5 s, the contact angle starts dropping with exposure time at a 

linear rate, so that after 30 s, it has fallen to 30o.  Measurements beyond 30 s were not taken.  

The delay in the response of the water contact angle on the back surface of the CNT is likely due 

to the fact that sites for adsorption of the reactive species on the front side must first be 

consumed before reaction can begin on the back.  Note that the front side WCA reaches its final 

minimum value after only 5 s.  
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Figure 4.2.  Dependence of water contact angle on plasma 
exposure time on the front and back side of the carbon nanotube 

sheet. 
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4.3.2 Surface composition 

Shown in Figure 4.3 are the XPS survey spectra of the CNT sheet before and after its 

exposure to the atmospheric pressure helium and oxygen plasma.  There are two dominant 

photoemission peaks present in the spectra, which correspond to photoelectrons ejected from C 

1s and O 1s core orbitals at 285 and 520 eV, respectively [21].  Prior to the plasma treatment, the 

intensity of O 1s peak on the CNTs is negligible.  The appearance of O 1s peak on the CNTs 

with plasma exposure time is clearly evident.  A photoemission peak close to 411 eV is observed 

on some of the spectra, which is assigned to the molybdenum 3p orbital [21].  This feature is due 

to the Mo sample holder and may be neglected. 

The C 1s photoemission spectrum of the as-received sample is shown in Figure 4.4 (a).  

The spectrum is deconvoluted into 2 peaks, which are assigned to sp2-sp3 carbon (peak no. 1) and 

* interactions (peak no. 5), respectively.  No oxidized carbon groups are assigned to this 

spectrum, because the O 1s emission in Figure 4.3 indicates that the oxygen concentration on the 

untreated surface is below 2%.  The sp2-sp3 carbon atoms are assigned to a single peak since the 

difference in their binding energies is less than the resolution of the spectrometer.  To 

deconvolute this spectrum, the center of peak 5 is fixed to 291.8 eV in the data analysis program, 

and the peak is adjusted using the software until it fits the geometry of the high energy tail.  The 

remainder of the spectrum is assigned to the sp2-sp3 carbons centered at 284.6 eV (peak no. 1).  

Analogous to highly ordered pyrolytic graphite, the sp2-sp3 peak is asymmetric with a long tail 

on the high energy side [24].  The asymmetric peak shape has been explained by Ago and Van 

Attekum as arising from many-body interactions of the conduction electrons induced by low 

energy electron-hole excitation [24, 25].  

An example of carbon 1s emiss ion from the plasma-activated CNT is shown in 
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Figure 4.3.  XPS survey spectra of the CNT as a function of plasma 
exposure time. 
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Figure 4.4 (b).  This spectrum has been deconvoluted into 5 peaks.  Peak 1 centered at 284.6 eV 

and peak 5 centered at 291.8 eV are assigned to the sp2-sp3 carbon atoms and the * 

interactions, as in Figure 4.4 (a).  Peaks 2 through 4, located at 286.3 eV, 287.9 eV, and 289.0 eV, 

are assigned to alcohols (-OH), ketones (C=O), and carboxylic acids (HO-C=O), respectively.  

Peaks 1 and 5 are generated by fitting the corresponding peaks from the control sample (a) into 

the spectrum of the plasma-activated sample (b), maintaining the same positions and numerical 

multiplier for both features.  Next, peaks 2, 3 and 4 are deconvoluted into the alcohol, ketone, 

and carboxylic acid groups.  Here the center of the alcohol, ketone, and carboxylic acid peaks are 

fixed at 1.7, 3.3, and 4.4 eV from the apex of peak 1 in accordance with previously published 

results [21, 25].   

The distribution of oxidized carbon atoms at different plasma exposure times is listed in 

Table 4.1.  The untreated CNT sheet received from Nanocomp Inc. contains greater than 98.0% 

sp2-sp3 carbon and less than 2.0% oxidized carbon.  The amount of sp2-sp3 carbon decreases to 

84.3% after 2 seconds of treatment.  The oxidized carbon atoms are distributed as following: 

10.7% hydroxyl groups, 2.6% ketones, and 2.4% carboxylic acids.  The amount of oxidized 

carbon increases with plasma exposure time, which causes the fraction of bound alcohol and 

ketones to rise to 17.0 and 5.9 %, respectively, after 30 seconds of treatment.  Co nversely, the 

fraction of carbons associated with carboxylic acid groups remains constant with exposure time 

at about 2.5%. 

The oxygen-to-carbon ratio is plotted against the plasma exposure time in Figure 4.5.  

This ratio was calculated using two methods.  First, the amount of oxygen and carbon were 

obtained by integrating the areas under the O 1s and C 1s photoemission peaks and dividing 

these areas by the corresponding sensitivity factor.  Secondly, the oxygen composition was  
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Figure 4.4.  The C 1s photoemission spectrum of CNT sheet: (a) untreated, and (b) 30s of plasma 
activation. 
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calculated by summing the area under the oxidized C 1s constituents, and dividing this sum by 

the area under the entire C 1s band.  Good agreement between the atomic ratios calculated by the 

two methods supports the method chosen to deconvolute the C 1s spectrum shown in Figure 

4.4(b).  

The dependence of oxygen to carbon ratio on the plasma exposure time, t, follows an 

exponential function represented by the following equation: 

)]exp(1)[//(/)(/ / tkCOCOCOtCO COoMaxO  ,  (2) 

where oCO /  is the oxygen to carbon ratio prior to plasma exposure, 
MAXCO /  is the oxygen to 

carbon ratio when the value is saturated, and the COk /  is the first order rate constant for the 

oxidation of the carbon atoms.  The solid and dashed lines in Figure 4.5 represent the best fit of 

Eq. (2) for the oxygen to carbon ratio calculated via the two methods.  The COk /  calculated from 

the two best fit lines were 0.27 and 0.17 s-1, respectively.  These values are an order of 

magnitude lower than the rate constant for the reduction of the water contact angle (3.1 s-1).   

Single-beam infrared spectra of the CNT sheet are plotted in Figure 4.6 as a function of plasma 

exposure time from 0 to 30 s.  There are three easily identifiable trends in the spectra.  The light 

throughput between 400 cm-1 and 1200 cm-1 decreased strongly with treatment time, while the 

light throughput between 1200 cm-1 and 5000 cm-1 increased.  In addition, a split positive and 

negative peak close to 1500 cm-1 grows in intensity as the CNT is exposed to the plasma.  These 

trends are due to oxidation of the C=C double bonds on the nanotube, which breaks the 

conjugated ring structure, as discussed later.  

The absorbance spectra of the carbon nanotube sheets are p lotted in Figure 4.7.  Figure 

4.7(a) shows the spectra between 1400 cm-1 and 1800 cm-1, with baseline correction by forcing 3 

points at 1500 cm-1, 1620 cm-1 and 1800 cm-1 to zero intensity.  Figure 4.7(b) shows the spectra  
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Table 4.1.  Carbon distribution on the surface of plasma treated 
carbon nanotube sheets. 

Functional 
Groups 0 sec 2 sec 10 sec 30 sec 60 sec 

sp2 & sp3 > 98 84.3 80.1 74.8 71.7 

C-O  < 2 10.7 14.9 17.0 18.5 

C=O  - 2.6 2.3 5.9 7.7 

O-C=O  - 2.4 2.7 2.3 2.0 
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Figure 4.5.  The oxygen to carbon  ratio as a function of plasma 

exposure time (solid circles from O1s peak intensity; and open 
triangles from C1s peak intensity of oxidized carbon atoms). 
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between 2800 cm-1 and 4000 cm-1 with baseline correction at 2800 cm-1 and 4000 cm-1.  Positive 

peak at 1565 cm-1 (no. 1) is assigned to the C=C stretch of a non-conjugated olefin [6, 26, 27], 

whereas the negative peak at 1590 cm-1 (no. 2) is assigned to the C=C stretch of conjugated 

aromatic species [28, 29].  The presence of the two peaks demonstrates that exposing the carbon 

nanotube to the helium and oxygen plasma converts a fraction of the C=C double bonds into C-C 

single bonds.  Note, according to the deconvoluted XPS result, C=O stretches associated with 

ketones and carboxylic acid should have appeared between 1680 and 1710 cm-1 [6, 30], however 

they are not observed.  This may be due to insufficient signal-to-noise ratio for absorption by 

carbonyl and carboxyl groups in the transmission mode.  The narrow peak at 3150 cm-1 (no. 3) is 

due to the stretching vibrations of isolated hydrogen groups.  By contrast, the broad band from 

3000 to 4000 cm-1 is assigned to the O-H stretching vibration of hydrogen-bonded hydroxyl 

groups [6, 31, 32].  The infrared absorption spectra indicate that hydroxyl groups are the 

dominant oxygenated species formed on the CNT after exposure to the atmospheric pressure 

helium and oxygen plasma.  These findings are in agreement with the XPS results. 

4.3.3 Dispersion in resin 

The dispersion of the CNT yarns in dicyclopentadiene monomer is shown in Figure 

4.8.  Figure 4.8(a) shows that CNTs exposed to the plasma without the coupling agent do not 

disperse into the resin, because the liquid remains clear.  Figure 4.8(b) shows that CNTs 

exposed to [(5-bicyclo[2.2.1]hept-2-enyl)ethyl]trimethoxysilane  coupling agent without 

exposure to the plasma do not disperse in this resin.  By contrast, it is observed in Figure 

4.8(c) that CNTs which are first exposed to the plasma then treated with the coupling agent 

disperse in the resin, yielding a dark yellow suspension.  This proves that exposing carbon  

  



130 
 

 

 

 

 

 

 

Figure 4.6.  Infrared single beam spectra of CNT sheet following 

plasma exposures for 0.0 (     ), 0.5 ( ), 5.0 (  ), and 30.0 
(      ) s.  
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Figure 4.7.  Infrared absorbance spectra of CNT as a function of exposure time to the plasma for 
0.0, 0.5, 5.0, and 30.0 s.  
  



132 
 

nanotubes to the atmospheric pressure, helium and oxygen plasma activates them for reaction 

with the coupling agent and dispersion into the DCPD resin.  Only a combined treatment by 

the plasma and the coupling agent was able to disperse the CNTs into the resin. 

4.3.4 Surface morphology 

Shown in Figure 4.9(a) thru (d) are scanning electron micrographs of the control sample and the 

sampled treated with the plasma for 30 s at 19,000X to 170,000X.  Note that the fibrous strands 

in the images are bundles of CNT, each of which contains approximately 20 individual 

nanotubes.  Prior to plasma treatment, the nanotube bundles were held together in a densely 

knitted mesh by van der Waals forces.  Exposing the sample to the atmospheric pressure plasma 

led to the breakdown of the conjugated aromatic structure, which weakens the van der Waals 

interactions that hold the nanotube bundles together.  As a result, the packing density of the 

bundles in image (c) is lower than that recorded in image (a).  The plasma may also etch away 

amorphous carbon coating the CNT.  The samples were further inspected at 150,000 and 

170,000X magnifications, respectively.  Image (b) shows that 200 nm amorphous carbon 

agglomerates are imbedded in the bundles of untreated CNT.  Image (d) shows that plasma 

removes large amorphous agglomerates and leaves behind small clusters on the bundle surface.  

These clusters are most likely low-molecular-weight carbon materials that are byproducts of the 

oxidation process [19].  It is unclear whether these clusters are formed from CNT or from 

amorphous carbon imbedded in the bundles. 

The interaction between the plasma and the nanotubes occurs on the surface of the 

bundles.  Presently, there is no evidence showing that the plasma has penetrated into the bundles.  

Using the Brunauer, Emmett, and Teller’s (BET) adsorption method, an average diameter of 9.4   
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Figure 4.8.  CNT yarns exposed to (a) plasma 

only, (b) coupling agent only; and (c) plasma 
then coupling agent.  A combined treatment 
by the plasma and the coupling agent is 

required to disperse the CNTs into the resin. 
  

(a) (b) (c) 
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Figure 4.9.  Scanning electron micrograph of CNT sheet 
before plasma treatment,  (a) 15,000X and (b) 150,000X; 
and after exposure to plasma for 30s (c) 19,000X and (d) 

170,000X. 
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nm was measured for the pores inside of the CNT bundles.    The small pore diameter will likely 

limit the depth of penetration of the reactive species into the bundles.  In comparison the average 

diameter of the interspatial voids in the nanotube yarn and sheet is approximately 0.2 m, which 

should be sufficient for reactive species to travel from one surface of the sheet to the other.   This 

explains why the water contact angle on the back surface of the nanotube sheet falls after plasma 

exposures greater than 5 s. 

4.3.5 Mechanical and electrical properties 

 The electrical resistivity of the carbon nanotube yarn is plotted as a function of plasma 

treatment time in Figure 4.10(a).  The resistivity of the untreated sample is 4.4x10-6 Ω-m, which 

is two orders of magnitude higher than the electrical resistivity of graphene sheet [33].  The 

resistivity of the CNT yarn increases with exposure to the atmospheric pressure helium and 

oxygen plasma.  After 2, 10, and 60 s treatment, the yarn rises to 6.3, 7.9, and 9.5 x10 -6 Ω-m, 

respectively.  After about 20 s, the yarn resistivity approaches the saturation value of 9.5x10-6 Ω-

m.  This value is lower than the resistivity of carbon fibers commonly used in composites, such 

as T700 with a resistivity of 1.6 x10-5 Ω-m1.  The dependence of the resistivity on plasma 

exposure time t follows an exponential curve given by: 

)]exp(1)[()( tkRRRtR RoMaxO 
, (3)

     

where OR  is the sample resistivity before plasma exposure, MaxR  is the saturated resistivity value, 

and 
Rk  is the first-order rate constant for the change in the resistivity with exposure time.  The 

best fit of Eq. (3) is plotted in Figure 4.10(a) as a solid line, and the rate constant, 
Rk  , is 0.12 s-1.  

This rate constant is close to the first order rate for the oxidation of carbon atoms COk /  (0.22 s-1).  

In Figure 4.10(b), the resistivity is plotted against the oxygen-to-carbon ratio measured by XPS.   

1 Toray Carbon Fiber America, Inc. “T700S datasheet” <http://www.toraycfa.com/pdfs/T700SDataSheet.pdf> 

http://www.toraycfa.com/pdfs/T700SDataSheet.pdf
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Figure 4.10.  The electrical resistivity of the CNT yarn as a function of (a) the plasma exposure 
time, and (b) the oxygen to carbon ratio on the surface of the nanotubes. 
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A linear relationship is observed, confirming that the change in electrical resistivity is due to 

oxidation of the CNT. 

The tensile strength of the nanotube yarn was also measured as a function of the exposure 

time under the helium and oxygen plasma.  This result is plotted in Figure 4.11.  For exposure 

times ranging from 0 to 12 s, the average tensile strength of the yarn dropped approximately 27% 

from 553.1 MPa to 403.8 MPa.  The average tensile strength as a function of the exposure time 

has been fitted with a line, yielding a slope of 11.8 MPa/s.  It is speculated that plasma activation 

reduces the tensile strength of the yarn primarily by weakening the van der Waals forces that 

hold the nanotube bundles together, rather than damaging the nanotube themselves.  

 

4.4 Discussion 

The radio frequency, atmospheric pressure, helium and oxygen plasma utilized in this 

work has been demonstrated to be an effective method for activating aromatic polymers [19, 34-

36].  The detailed plasma chemistry has been studied by Jeong et. al. [37], and Gonzalez et. al. 

[36].  The plasma was reported to have an electron density ranging from 1011 to 1012 cm-3 at an 

average electron temperature of 1.5 eV.  Interaction of the energetic free electrons with 

approximately 3.3x1017 cm-3 of molecular oxygen in helium generates approximately 8.0x1016 

cm-3 ground state O (3P), 8.0x1016 cm-3 metastable O2 (1∆g), 2.0x1015 metastable O2 (1∑g
+), and 

2.9x1015 O3.  Predicted profiles of these species in the exit beam from the plasma source are 

presented in Figure 4.12 [36].  The concentration of charged species may be neglected due to the 

high recombination rate for ions and electrons, and the lack of any source for ionization 

downstream of the electrodes [37].  
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Figure 4.11.  The tensile strength of CNT yarn as 
a function of the plasma exposure time. 
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Figure 4.12.  Dependence of the concentration of 
neutral species on distance from the atmospheric RF 

plasma exit at 200 W power, 40 L/min He, and 0.8 
L/min O2 [36].  
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Other ionized gas systems that have been used to functionalize carbon nanotubes include vacuum 

plasmas, arc- like discharges, dielectric barrier discharges, and radio frequency argon and oxygen 

plasma.  The estimated concentrations of atomic oxygen, [O], and ozone, [O3], produced in these 

different discharges are shown in Table 4.2 [38-48].  The estimated oxygen atom concentration 

in the vacuum plasma is approximately 1.0x1014 cm-3, and the concentration of ozone is below 

1.0x1010 cm-3 [45-47].  The reactive species concentration of the arc discharge is estimated for 

inside the arc, where the atomic oxygen concentration can be as high as 10 % by volume of the 

gas, while the ozone concentration is below 1.0 x 1010 cm-3 [45].  Note that the temperature of 

the arc, which is several thousand degrees Celsius, renders it unsuitable to treat the CNT directly.  

Instead, the discharge is cooled by blowing air at high velocity through the arc.  This decreases 

the concentration of the reactive species in the afterglow by several orders of magnitude.  To the 

author’s knowledge, no published estimates are available for the atomic oxygen and ozone 

concentration in the afterglow of an arc discharge fed with air.  Estimates of the oxygen atom 

concentration in dielectric barrier discharges ranges from 1.0x1011 to 1.0x1014 cm-3 [39, 48].  

However, the ozone concentration produced by the DBD can be as high as 1.0x1018 cm-3.  This is 

because conditions within this device (i.e., high density plasma streamers dispersed throughout 

the air) are favorable towards ozone generation from atomic and molecular oxygen [39, 45, 48].  

The concentration of reactive species in the atmospheric pressure, RF, argon and oxygen plasma 

has not been published in previous work.  We believe that the properties of the argon and oxygen 

plasma should be similar to the plasma used in this work, if operated at similar conditions.  

Listed in Table 4.3 is the extent of oxidation for carbon nanotubes that are treated by 

different processes.  Chen et. al. [7] reported on vacuum plasma oxidation of CNT.  Their plasma 

was operated at 100 W in 200 mTorr of oxygen.  It oxidized up to 23.3% of the carbon atoms on   
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Table 4.2.  Atomic oxygen and ozone concentrations reported for the plasma systems used to 

treat carbon nanotubes.  

Systems Gas feed [O] (cm-3) [O3] (cm-3) Ref. 

Vacuum Oxygen 1014 < 1010 7,45-47 

Arc discharge Air ~1018** <1010 38,39,45 

Dielectric Barrier Air 1012-1014 1016-1018 38-40,42,45 

Atmospheric RF Plasma 1.5% O2 in He 1016-1017 1015 -1016 36,37,41,44,45 

** Atomic oxygen concentration of the arc discharge is estimated for inside of the arc. 
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Table 4.3.  Effect of treatment method and time on the extent of oxidation and distribution of 
oxidized species on the surface of nanotubes. 

Treatment method Time 
% Oxidized 

carbon 
% 

C-OH 
% 

C=O 
% 

O-C=O 
 

Ref. 

Vacuum plasma 2-30 min 24.3 18.2 4.0 2.1 7-9 

Arc-like discharge 3 s 6.9 5.3 - 1.6 12-13 

Dielectric barrier discharge 4 s 8.2 6.6 - 1.6 5,14,15,49 

Atmospheric Ar/O2 Plasma 2-3 min 8.5 - - - 16-18 

Atmospheric He/O2 Plasma 30 s 25.2 17.0 5.9 2.3 this work 

Acid Bath 1-24 hr 23.0 9.8 6.8 6.4 5,23,27 
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the CNT surface after a 20 min treatment.  About 75% of the bound oxygen was attributed to 

hydroxyl groups with the remainder split between carbonyl groups and carboxylic acid  groups.  

Similarly, Chen et. al [8] and Wang et. al. [9] oxidized carbon nanotubes using microwave 

vacuum plasma that operated at 700 W.  Treatment times ranged from 5 to 15 min.  It was found 

that conversion into hydroxyls dominated at lower exposure times, while carboxylic acids were 

the main product after 10 min.   

Kolacyk et. al. [12] used an arc- like discharge to functionalize the CNT at temperatures 

in the afterglow from 400 to 900 oC.  In their study, the nanotubes were dispersed in distilled 

water and then injected into the plasma through a nebulizer.  After the CNT spent approximately 

3s in the plasma, 6.9% of the nanotube surface became oxidized, with a hydroxyl to carboxyl 

ratio of 3.2 [12-13].  The oxidation of carbon nanotubes by atmospheric pressure dielectric 

barrier discharge was reported by Okpalugo et. al [14].  Prior to the process, the samples were 

first dispersed in methanol, and then deposited on gold or silicon substrates as a thin film by the 

drop-dry technique.  Subsequently, the CNT film was exposed to the atmospheric pressure air 

plasma for 4 seconds at 500 W of delivered power.  Approximately 8% of carbon atoms on the 

surface of the film were oxidized, with 80% of these forming hydroxyl groups.   

Charlier et. al., Demoisson et. al., and Claessens et. al. have reported on the oxidation of carbon 

nanotubes using a radio frequency, argon and oxygen plasma.  Claesse ns report that exposing 

CNT to the plasma operated at 80 W and 0.07 vol% oxygen flow for 3 minutes converted 8.5 % 

of the sp2-sp3 carbons into oxidized functional groups.  The distribution of the oxidized carbons, 

however, was not reported.  With the RF, AP, helium and oxygen plasma investigated herein, the 

rate of oxidation is faster compared to the other plasma systems.  As shown in Figure 4.5, only 

10 s exposure is needed to oxidize 20 % of surface carbon atoms, and 25 % are oxidized after 30 
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s.  The distribution of oxidized species is same as in other studies, with ~70% of the oxidized 

carbon atoms appearing as alcohols (C-OH).   

 
Carbon nanotubes have also been oxidized by immersion in strong acid [15, 22].  This 

process takes from 1 to 24 hours.  The degree of oxidation is 20-25 %, similar to that obtained 

with plasmas, but requires hours instead of seconds to complete.  The distr ibution of oxygen 

containing functional groups produced by acid treatment is shown in Table 4.3.  Compared to 

plasma, fewer hydroxyl groups and more carbonyls and carboxylic acids are formed. 

A mechanism is proposed in Figure 4.13 for the activation of carbon nanotubes by atomic 

oxygen.  Since the atomic oxygen concentration in the afterglow of the radio frequency helium 

and oxygen plasma is 8 times higher than that of ozone, reaction by ozone is neglected.  In the 

first step, atomic oxygen is inserted into the aromatic double bond forming a three-member 

epoxy ring.  This is analogous to the mechanism observed for the oxidation of graphite with O 

atoms [50,51].  The strain in the epoxy group is relieved in step (2) when a water molecule from 

ambient air reacts with the epoxy group, opening the ring and inserting a diol across the original 

C=C double bond.  Although some authors have suggested that the hydroxyl groups can undergo 

further oxidation to produce carbonyl or carboxylic acid groups [8], the data obtained in the 

present study indicates that this reaction does not occur to a large extent during plasma activation.  

The presence of hydroxyl groups on the nanotube surface is verified by results shown in 

Figure 4.8, since [(5-bicyclo[2.2.1]hept-2-enyl)ethyl]trimethoxysilane coupling agents react 

readily to hydroxyl groups only.  Functionalizing carbon nanotubes with hydroxyl groups should 

make it possible to attach other molecules, e.g. polymers, to the CNT surface, while keep the 

structure relatively intact.  However, this approach is not without potential drawbacks, such as 

increased resistivity (Figure 4.10) and decreased yarn strength (Figure 4.11).  
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Figure 4.13.  A proposed mechanism for the oxidation of carbon nanotubes by exposure 
to the atmospheric pressure, helium and oxygen plasma. 
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4.5 Summary 

 A radio frequency, atmospheric pressure, helium and oxygen plasma was used to 

functionalize carbon nanotube yarn and sheet.  Exposing the CNT to the plasma for 10 s 

converted 20% of the carbon atoms on the surface of the nanotube bundles into oxidized species, 

of which 75% were hydroxyl groups.  The electrical resistivity of the nanotube yarn increased in 

direct proportion to the extent of oxidation.  A small reduction in the tensile strength of the yarn 

was observed following the treatment as well. 
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Chapter 5 

Thermal, Electrical and Tensile Characterization of CNT/DCPD Sheet Composite  

Abstract 

 Flexible carbon nanotube sheet has been stretched mechanically to 25 % elongation, 

chemically treated with dicyclopentadiene (DCPD) monomer, and cured into a composite.  The 

composite exhibited average tensile strength of 640 MPa, elastic modulus of 28 GPa and density 

of 1.5 g/cm3.  The thermal conductivity and electrical resistivity of the composite were 0.3 W/m-

K and 2.6 × 10-3 ohm-m, respectively.  Furthermore, the carbon nanotube composite had less 

than 1.0 wt% moisture uptake after soaking 7 days at 60 oC and 95 % humidity.  These properties 

compare favorably to other sheet materials used in aerospace systems, such as 7075-T7 

aluminum and aramid-fiber. 
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5.1. Introduction 

 Fiber-reinforced polymer composites are widely used in aerospace applications due to 

superior strength-to-weight ratio relative to metals [1].  Currently, most of the composites used 

on planes and satellites are reinforced with continuous carbon fibers.  However, carbon fibers are 

extremely stiff and break when undergoing a knot test.  Such stiffness limits the use of 

continuous carbon fiber as a structural support in applications such as honeycomb core, satellite 

antenna, and cable, where flexible material is required [2].  Fibers composed of carbon 

nanotubes (CNT) with high ultimate tensile strength and elongation to failure, but with relatively 

low modulus, have been considered as a potential alternative to continuous carbon-fiber 

composites. 

The ultimate tensile strength of individual single wall and multi-walled nanotubes has 

been reported to be as high as 150 and 80 GPa [3-6], respectively.  The modulus of elasticity of 

the CNT ranges from 0.9 to 1.2 TPa [3-6], and the elongation to failure is between 5 and 15 % 

[5-8].  Nevertheless, the use of carbon nanotubes as a reinforcement in thermoset or 

thermoplastic composites has been limited by poor dispersion and low fiber loading [9-12].  If 

the rule of mixtures is obeyed, then at 10 % loading, the mechanical properties of the composite 

will be limited to about 10% of that of the CNT alone [12].   

Nanocomp Technologies Inc. and the University of Cambridge have independently 

developed a method to fabricate carbon nanotube aerogels via chemical vapor deposition (CVD) 

[13-14].  The aerogel network can be condensed into a micro-porous sheet [13-14].  The CNT 

sheet is flexible, but stiffens up when combined with a resin matrix.  It has been shown that 

prepregs with up to 60% fiber loading can be fabricated by high-pressure injection of 

BMI/solvent into the porous sheets [15].   
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We have developed a method to produce composites by infusing Nanocomp's carbon 

nanotube sheet with dicyclopentadiene (DCPD), a low viscosity resin [16].  Jeong and Kessler 

[17] have established the strong affinity of DCPD towards CNT.  When the sheets are submerged 

in the resin, monomer molecules infiltrate the porous structure without any applied pressure.  A 

composite of mechanically aligned CNT sheet, cured in DCPD, exhibits a threefold improvement 

in tensile strength compared to sheet that is aligned, but not made into a composite [16]. 

 Herein, we describe a composite fabricated from functionalized carbon nanotube sheet 

and dicyclopentadiene.  This method is similar to that reported by us previously [16], except that 

the surface of the CNT fibers have been chemically modified prior to polymer infusion to 

achieve better crosslinking.  The product has an average tensile strength higher than 600 MPa, 

which is comparable to that of aerospace grade aluminum 7075-T6 [18].  The structural, thermal, 

electrical and environmental properties of this novel composite material are presented below.   

5.2. Experimental Methods 

5.2.1. Materials 

The carbon nanotube sheets, EMSHIELDTM, were acquired from Nanocomp 

Technologies, Inc.  The areal density of the as-grown sheets was measured to be approximately 

15 grams per square meter (g/m2).  The nanotubes were collected on a drum rotated at 6 m/min 

and were partially aligned by the rotational motion.  Once collected from the drum, the sheets 

were treated to consolidate and reduce the interspatial voids.   

The dicyclopentadiene used in this work was supplied by Materia, Inc. (CAS #77-73-6), 

and it contained approximately 70.0 mole% dimers and 30.0 mole% trimers.  The mononer 

consists of two 5-member rings, each with a pair of double bonds located at the opposite ends of 
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the molecule.  Polymerization of DCPD occurred by a Diels-Alder reaction that was catalyzed by 

a second generation Grubbs Catalyst (CAS #246047-72-3) obtained from Sigma Aldrich Corp.  

The resin to catalyst ratio used in this work was 1500:1. 

 There were two types of proprietary functional chemicals used in this work.  The first 

chemical (A) was responsible for bridging the nanotubes, and the second one (B) was used to 

crosslink the CNTs to the resin matrix.  These molecules had one or two alkoxy-silane groups 

groups for bonding to oxygenated groups present on the activated nanotube surfaces.   

5.2.2.  Sample preparation 

 The sheet was first activated by being exposed to an atmospheric pressure, helium and 

oxygen plasma, operated at 150 W RF power, 30 SLM He flow, and 0.5 SLM O2 flow 

(AtomfloTM 400 by Surfx Technologies LLC).  The sheet was treated for 15 s on each side.  The 

plasma-activated sheet was mounted on Instron grips and stretched at 1 mm/min until 25 % 

elongation was achieved.  During stretching, the CNT sheet was kept wet with toluene.  At the 

end of the chemical/mechanical treatment, the samples were heated to evaporate any excess 

solvent. 

 Next, the carbon nanotube sheets were immersed in a resin catalyst mixture for 30 

seconds.  The resin infused samples were then sandwiched between two perforated release plies 

lined with bleeder ply and compressed to 5.0 MPa to extrude the excess resin.  The samples were 

placed in between flat fluorinated polymer films and cured at 14.0 MPa pressure.  The cure cycle 

consisted of 2 hours at 60 oC, and 5 hours at 150 oC.  Finally, the samples were cooled to below 

30 oC before being released from the press. 
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5.2.3. Characterization 

 The density of the CNT/DCPD composite was measured using a helium pychnometer in 

accordance to ASTM D2638-10 [19].  The sample chamber was pressurized to a set value and 

then connected to a second chamber of the same volume initially under vacuum.  The volume of 

the samples was calculated using Boyle’s law, and the density was obtained from the known 

sample mass.  The fiber weight fraction in the composites was estimated from 

thermogravametric analysis (TGA) in air.  This procedure utilized a modified version of ASTM 

D3171-99 [20].  Since the resin and the nanotubes have different oxidation temperatures [16], 

mass loss with increased temperature can be related to the resin and nanotube content.  

Furthermore, the ratio between nanotubes and the residue catalyst is fixed, thereby, the mass of 

the residual iron oxide as a fraction of the total mass can be used to provide confirmation of the 

estimated fiber fraction.   

The porosity of the CNT sheet before resin infusion was calculated from nitrogen BET 

data collected at 77 K using a Micromeritics ASAP 2020 analyzer.  The nitrogen adsorption 

method, coupled with the Barrett-Joyner-Halenda analysis, is effective in characterizing pore 

sizes ranging from 1 to 300 nm.  Pit defects and any interfacial delamination in the composite 

were detected using ultrasonic scanning (Sonoscan, Inc).  The resolution of the ultrasonic sound 

wave was 20 m. 

 The electrical conductivity of the composites was measured at room temperature using a 

SI1287 electrochemical test station (Solartron Analytical).  The thermal conductivity of the 

samples was obtained using a DTC-300 thermal conductivity meter by TA Instruments.  The 

measurements were collected using a range 2 measurement cylinder (0.002 to 0.02 m2K/W) from 

20 to 100 oC.  Modulated differential scanning calorimetry was performed on a Discovery DSC 
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from TA Instruments, and the heat capacity was calculated using data from 20 to 100 oC, ramped 

at 2 oC/min.  The thermal expansion coefficient (CTE) measurements were collected from a 

Q400 thermo-mechanical analyzer (TA Instruments), using a heat-cool-heat protocol starting 

from -10 oC and increasing to 110 oC at 1 oC per minute under 0.05N load. 

Tensile strength, modulus of elasticity, and elongation to failure were measured o n an 

Instron 5966, dual-column testing system following a modified ASTM D3822 procedure.  Each 

sample was cut to 20 mm x 2 mm in size and mounted onto a paper frame.  Once gripped with 

the clamps, the paper frame was cut open, and the sample was stretched at 5 mm/min until 

failure.  The ultimate tensile strength and elongation to failure were recorded at the time sample 

failure occurred.  The Young’s modulus was calculated from the linear slope of the elastic region 

on the stress-strain curve, which is usually between 0.0 and 0.5 % elongation.  The fracture 

surface of the CNT/DCPD was inspected with a Nova 600 NanoLab DualBeam™ SEM/FIB 

from FEI. 

 The moisture uptake of the CNT/DCPD composite was measured following ASTM 

D5229.  Samples cured under vacuum and under air were both placed in an environmental 

chamber operating at 60 oC and 95 % humidity.  The mass change due to moisture uptake by the 

samples was recorded daily for seven days. 

5.3. Results 

5.3.1. Structural properties 

 The measured density of the CNT/DCPD composite material is approximately 1.5 g/cm3.  

Figure 5.1 shows the mass loss (solid line) and derivative mass loss (dotted line) of the sheet, as 

determined by TGA in air.  The mass loss curve has three downward stair steps at 350, 500 and  
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Figure 5.1.  The TGA mass loss of CNT composite (          ) and the derivative of mass loss with 

temperature (         ). 
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600 oC, before reaching a baseline at 700 oC.  This information is also reflected by the four peaks 

in the derivative plot.  Mass loss prior to 550 oC is assigned to DCPD decomposition as 

suggested by the mass loss of DCPD in TGA measured in our previous work [16]. Only a small 

fraction of the CNTs decompose below this temperature.  Integrating the area under the 

derivative peaks reveals that the CNT accounts for 60±5 wt% of the composite.  The mass of the 

oxidized catalyst residue accounts for 15 wt% of the composite.  In the as-received sheet, the 

oxidized catalyst residue makes up 27±3 wt%.  Comparing these two values for the catalyst 

weight fraction indicates that the CNT fiber fraction in the composite is about 50±5 wt%.  This 

value is in good agreement with the fiber weight fraction estimated from the TGA mass loss.   

 Shown in Figure 5.2 (a) are the nitrogen adsorption isotherms of the CNT sheet before 

and after mechanical alignment. Figure 5.2 (b) shows the volume distribution of pores with 

different diameters.  The solid lines represent the as-received samples and the dotted lines 

represent the sheets after mechanical alignment.  Integrating the adsorbed nitrogen volume over 

all pore sizes between 1.7 and 300.0 nm shows negligible change in the total adsorbed volume 

before and after mechanical stretching.  The adsorbed volume decreased from 0.755 to 0.749 

cm3g-1, which is within the error of the measurement.  It is noted that nitrogen adsorption in 

pores with diameters below 10 nm remains unaffected by mechanical stretching, while 

adsorption in pores with diameters ranging from 10 to 50 nm shows some changes.  The smaller 

pores are thought to correspond to the spaces within the nanotube bundles, while the larger 

diameter pores are more likely associated to the spaces between the fiber bundles.  Since the 

amount of adsorbed nitrogen did not change much, it is proposed that the change in the diameter 

of the pores in the range from 35 to 25 nm is a result of structural rearrangement of the CNT 
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Figure 5.2.  (a) Nitrogen adsorption isotherm of CNT sheet before (        ) and after (        ) 

mechanical alignment. (b) Pore volume distribution in CNT sheet before (      ) and after (        ) 

mechanical alignment. 
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network.  There is no evidence for elimination of pores through consolidation and alignment of 

the nanotubes.  Whether large voids exist in the composite was examined by ultrasonic scanning.  

It was found that less than 0.5 vol.% of the composite contains voids with a diameter larger than 

20 μm. 

5.3.2. Electrical and thermal properties 

 The electrical and thermal properties of the DCPD/CNT composite are presented in Table 

5.1.  The electrical resistivity measured across the planar direction of the CNT/DCPD sheet is 2.6 

× 10-3 ohm-m.  The in-plane thermal conductivity of the composite is 0.27 W/m-K at 25 oC, and 

increases slightly to 0.3 W/m-K at 100 oC.  The specific heat of the composite measured at 100 

oC is 0.98 J/g-K.  Lastly, the coefficient of thermal expansion is 0.12 μm/m-K.  In general, these 

numbers are comparable to conventional carbon-fiber-reinforced epoxy composites [21,22]. 

5.3.3. Tensile properties 

 The stress-strain curves of the CNT sheets and sheet composites are shown in Figure 5.3 

(a) and (b).  In both figures, the solid line represents unmodified CNT, or composites fabricated  

from unmodified sheets.  The dashed, dashed-dotted, and dotted lines in (b) represent the 

composites fabricated from stretched, chemically functionalized, and stretched plus chemically 

functionalized CNT sheets.  It is noted that stretching and/or chemica l functionalization increases 

the tensile strength of the composites, while at the same time, decreasing their elongation to 

failure.  The tensile properties of these materials are summarized in Table 5.2.  It is observed that 

mechanically stretching the CNT sheets increases their ultimate tensile strength from 51±9 to 

77±10 MPa, while reducing the elongation to failure from 24±1 to 8±1 %.  Infusion and  
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Table 5.1.  Electrical and thermal properties of CNT/DCPD composite at 25 oC. 

 Electrical 
resistivity 

(Ω-m) 

Thermal 
conductivity 

(W/m-K) 

Specific heat 
(J/g-K) 

CTE 
(μm/m-oC) 

Ref. 

CNT/DCPD 3 × 10-3 0.3 0.98 0.12 -- 
Aligned CNT 5.28 × 10-6 31 W/m-K --- -- [23] 

CF/Epoxy 1.5 × 10-3 0.5 - 1.5 1.1 - [21,22] 
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Figure 5.3.  Stress strain curve of (a) CNT sheet before (          ) and after (          ) stretching, and 

(b) stress and strain curve of the DCPD/CNT composite fabricated from CNT sheet as-received 

(          ), stretched (               ), functionalized (                            ), and stretch and functionalized 

(          ). 
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Table 5.2.  Tensile properties of CNT sheet and DCPD/CNT composites. 

 Tensile Strength 

(MPa) 

Elastic Modulus 

(GPa) 

Elongation 

(%) 

DCPD 45 2.0 5.5 

As-received sheet 50 ± 9 2.1 ± 0.8 24.0 ± 1.0 

Stretched sheet 80 ± 10 3.3 ± 0.8 8.0 ± 1.2 
CNT/DCPD 200 ± 30 10 ± 2 19.0 ± 2.0 
s-CNT/DCPD 345 ± 30 18 ± 4 6.9 ± 0.2 

f-CNT/DCPD 420 ± 40 19 ± 3 4.4 ± 0.6 
s-f-CNT/DCPD 640 ± 50 28 ± 4 3.7 ± 0.2 
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polymerization of DCPD throughout the CNT produces a composite with a tensile strength and 

elongation to failure of 200±30 MPa and 19±2 %, respectively.  If the CNT sheets are first 

stretched and then infused and cured with DCPD, the tensile strength increases to 345±30 MPA, 

while the elongation to failure drops to 6.9±0.2 %.  Similar strength and elongation values of the 

composite are achieved by functionalizing the CNT instead of stretching it: 420±40 MPa and 

4.4±0.6 %.  Finally, stretching and functionalizing the CNT, followed by infusing and curing 

DCPD into the sheet yields a composite with the highest tensile strength and lowest elongation to 

failure: 640±50 MPa, and 3.7±0.2 %, respectively. 

 The Young’s modulus of the as-received CNT sheet is 2.1±0.8 GPa.  This value increases 

to 3.3±0.8 GPa after it is stretched to enhance fiber alignment.  The modulus of the CNT sheet 

with infused and cured DCPD resin is 9.6±2.0 GPa.  If one modifies the CNT sheets by 

stretching, functionalization, and application of both of these processes, and then polymer izes the 

DCPD throughout the matrix, the Young’s modulus increases to 18±4 GPa, 19±3 GPa, and 28±4 

GPa, respectively.  Note that the modulus for dicyclopentadiene polymer is 2.0 GPa [24].  In 

summary, by combining the CNT sheet together with the DCPD resin in a composite, and 

enhancing the interaction between these two components by mechanical and chemical means, 

one produces a material that is 12 times stronger and 14 times tougher than the CNT sheet by 

itself. 

5.3.4. Moisture uptake 

The moisture uptake of the CNT/DCPD composite measured over the course of 7 days is 

shown in Figure 5.4.  The fractional mass change of the sample cured under vacuum is negligible 

over the testing period.  This is consistent with the fact that both dicyclopentadiene polymer and 

carbon nanotubes are hydrophobic.  However, if the composite is cured in air instead, the 
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material absorbs up to 3.0 wt% water, which is comparable to the uptake of cured epoxy 

composites.  It may be that during curing in air, some oxidation of the polymer occurs that makes 

the material more hydroscopic. 

5.4. Discussion 

The CNT sheet composite fabricated in this work is intended for uses in aerospace 

applications where high-strength and flexibility is required.  In order to produce enough material 

for practical applications, the CNT sheet used in the composite is a product of high-volume CVD 

growth by Nanocomp [25].  The growth rate of the Nanocomp CVD process depends on the 

amount of catalyst added, and to produce material at a reasonable rate, the amount of catalyst in 

the sheet must be >10 wt%.  Unless specifically treated, these catalysts remain in the CNT sheet, 

primarily at junctions between the nanotube bundles.  The tensile strength of the un-modified 

CNT sheet used in this study is 50 MPa. 

Previous work has shown that mechanically stretching the CNT structure helps to align the 

nanotubes [23,26,27].  The CNT sheets can be stretched up to a maximum of 25 % without 

breaking.  At 25 % elongation, the degree of alignment of the nanotube bundles in the sheet is 

reported to be ~50 % [28], and the tensile strength increases to about 80 MPa.  An electron 

micrograph of the as-grown sheet is shown in Figure 5.4 (a).  It reveals a structure similar to that 

of a fishing net.  The network of CNT bundles is held together by knots at the points of 

intersection [28].  The length of the bundles between two knots is approximately 150 nm.  Figure 

5.4 (b) shows that stretching the sheet causes the bundles to partially aligned in the pull direction 

without collapsing the network.  Figure 5.2 (b), also reveals that mechanical stretching does not  
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Figure 5.4 (a) Entangled CNT network in the as-grown sheet, and (b) CNT sheet after 

mechanical stretching.  
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have much affect on the volume of pores inside the sheet.  Under such circumstances, 50 % 

alignment is probably the best that can be achieved. 

The mechanical properties of the CNT sheet produced in this work and in previous studies 

are compared in Table 5.3.  The nanotube sheet used in the present work exhibits a tensile 

strength of 50 MPa, which is 4 to 6 times less than materials investigated previously.  For 

example, the CNT sheet grown by Han et al., [27], using less than 10 wt% catalyst in a CVD 

apparatus, had a starting tensile strength of 200 MPa.  The ribbon spun by Wang et al., [26] from 

a forest of nanotube arrays had an initial tensile strength of 300 MPa.  Cheng et al., [23] acquired 

their carbon nanotube sheets from Nanocomp, Inc., but their material was grown at a slower rate 

than the material used herein, and it started with a tensile strength of 200 MPa.  In these cases, 

the differences in the tensile strength of the nanotube sheets may be traced back to their method 

of preparation. 

After mechanical stretching, a tensile strength of 80 MPa is observed in this study, 

compared to 600 to 670 MPa reported previously.  This difference may be attributable to the 

level of mechanical alignment achieved by stretching.  As can be seen in Figure 5.4 (b), the 

nanotube bundles remain entangled in a porous network after stretching to 25% elongation, and 

do not collapse into a consolidated array of nanotubes.  By contrast, Han et al., [27] reported 80% 

alignment of the nanotubes by stretching his fiber to 20 % elongation.  Cheng [23] claimed to 

have aligned up to 90 % of the nanotubes in his sheet by stretching it to 40%.  Wang [26] 

reported that pulling his CNT ribbon through a stretch roller aligned 90% of the bundles.  These 

authors attributed the enhancement in the tensile strength of the nanotube sheet to an increase in 

the contact area between the nanotube surfaces after consolidation [23,26,27].   
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Table 5.3.  Tensile strength and elastic modulus of CNT sheet and composite this work and 

reported previously. 

 As-received sheet Stretched sheet Stretched sheet composite 

Strength 
(MPa) 

E.Modulus 
(GPa) 

Strength 
(MPa) 

E.Modulus 
(GPa) 

Strength 
(MPa) 

E.Modulus 
(GPa) 

This Work 50 2 80 3 340 18 

Han [27] 200 -- 600 12 5,000 245 
Wang [26] 300 21 -- -- 4,000 266 
Cheng [23] 205 1 668 25 2,000 169 
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The tensile strength of DCPD/CNT composites made from stretched nanotube sheet in this 

study is 340 MPa.  In prior work, the stretch-aligned CNT sheet was infused with epoxy or 

bismaleimide (BMI) resin and cured to make a composite [23,26,27].  The tensile strengths of 

these composites were reported to be between 2 and 5 GPa were observed.  The reason for this 

discrepancy is not entirely clear.  As discussed above, the CNT sheet used herein is produced in 

large quantities for commercial applications.  In this material the nanotube bundles cannot be 

consolidated into a dense array where all the nanotubes are in close contact with each other.  In 

contrast, SEM pictures from previous studies show the starting material to consist of loosely 

arranged nanotube bundles without any knots tying them down [23,26,27].  Electron 

micrographs of these samples after stretching show ropes of nanotube bundles co nsolidated and 

aligned in the direction of stretching.  Without knots, the nanotube bundles can be consolidated 

into a closely packed array.  Nevertheless, no data has been reported on the porosity of the 

stretched sheet, so the extent of contact between nanotubes is not known. 

To compensate for the lower strength of the material in the present work, chemical 

functionalization was used to further enhance the load sharing between the nanotube bundles in 

the composite.  In this case, the tensile strength and elastic modulus increase to 640±50 MPa and 

28±4 GPa, respectively.  The interaction between the resin and the CNT network may be 

explained via a Capstan effect, where the nanotube bundles are forced to press and wrap around 

the resin through a tortuous path [16].  The frictional force between the resin and the nanotubes 

helps to prevent the bundles from slipping and pulling out under tension.  Similarly, chemical 

crosslinking should confine the nanotube movement, and prevent the CNT bundles from sliding 

past each other.  Electron micrographs of the composites made with chemical functionalization 
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show that fiber breakage occurs at the fracture interface, without the nanotubes pulling out of the 

resin.  

In the previous work, the authors may have reported the tensile strength of the CNT 

composites as a function of the skeletal density of the nanotubes instead of the density of the 

composite [28-29].  This approach normalizes the stress calculation to demonstrate the force 

carried by the carbon nanotubes.  The stress σCNT can determined using equation (1) below: 

𝜎𝐶𝑁𝑇 =
𝑃𝐿𝑜𝑎𝑑

𝜆
× 𝜌𝐶𝑁𝑇  (1) 

where  σCNT  is the tensile stress in (N/m2), PLoad is the measured load (N), λ is the linear density 

(tex = g/km), and ρCNT is the skeletal density of the nanotubes. The linear density can be 

calculated using equation (2): 

𝜆 = 𝑤𝑡 × 𝜌𝑆ℎ𝑒𝑒𝑡 (2) 

where w and t are the width and thickness, and  ρsheet  is the density of the CNT sheet.  Here, 

equations (1) and (2) can be combined to give: 

𝜎𝐶𝑁𝑇 = 𝜎𝑇 ×
𝜌𝐶𝑁𝑇

𝜌𝑠ℎ𝑒𝑒𝑡
 (3) 

where σT is the tensile strength of the composite, and ρsheet is calculated based on the composite 

density and fiber wt%.  The strength calculated by this method can be as high as 2 times the 

value of the composite strength calculated from the cross section.  This combined with the lower 

strength of the starting CNT sheet could explain the differences reported in Table 5.3.  

The CNT sheet composites reported here may be produced in large quantities for commercial 

applications.  Therefore, it is instructive to compare the mechanical properties of the CNT/DCPD 
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composites to conventional carbon-fiber-reinforced composites (CFRC).  These properties are 

listed in Table 5.4.  The density of the CNT/DCPD composite is comparable to the CFRC, but its 

tensile strength and modulus are less than the value of the CFRC.  However, the CNT/DCPD 

sheet composite is more flexible than any of the CFRCs.  Shown in Figure 5.5 is a ten layer sheet 

composite from this work bent to a U shape without any signs of breaking or delamination.  

Furthermore, the nanotube sheet itself has passed a knot test without breaking, which is not 

possible for conventional carbon fiber.  This allows CNT sheet to be shaped into complex parts 

and then fabricated into composites.  Although the CNT/DCPD composite may not match CFRC 

in strength and stiffness, it is applicable to flexible or complex structures where carbon fiber 

cannot be used. 

An example of a flexible composite application is the core of honeycomb structures.  

Currently, honeycomb cores are made from either aerospace grade aluminum or from aramid 

paper.  The density, strength and modulus of aluminum 7075-T6 and Nomex® aramid-fiber are 

also shown in Table 5.4.  The tensile strength of the CNT/DCPD composite exceeds both 

Nomex® paper and aluminum, while its density and Young’s modulus [cite] falls in between the 

two materials.  The higher density of the CNT composite in comparison to previously published 

values [16,23,26-29] is due to the increased catalyst loading for high volume production.  The 

average Young’s modulus of the CNT composite is about half the modulus of the aluminum 

sheet.  However, the specific strength and elastic modulus of the CNT composite is 150% and 60% 

of aluminum, respectively.  In applications where weight is more c ritical than volume, the CNT 

composite has an advantage over aluminum. 

The thermal and electrical conductivity of the dicyclopentadiene/carbon nanotube 

composite is comparable to carbon-fiber-reinforced epoxy composites.  Its moisture uptake, if  



174 
 

 

 

 

 

 

Table 5.4.  Density, tensile strength, Young’s modulus, and elongation to failure of the stretched 

and functionalized CNT/DCPD composite, Nomex® paper T410, and aluminum 7075-T6. 

 Density 

(g/cm3) 

Tensile Stress 

(MPa) 

Young's Modulus 

(GPa) 

Elongation 

(%) 

CNT/DCPD composite 1.5 640 ± 50 28 ± 4 3.7 ± 0.2 
Int. Modulus CF/CYCOM 997  1.6 2,500 162 1.5 
IM7/CYCOM 5250-4 BMI 1.6 2,900 169 < 2.0 

Nomex® paper T410 0.8 93 3 12 
Al-7075-T6 2.8 572 72 11 
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Figure 5.5.  (a) A flat 10-ply CNT sheet composite and (b) a 10-ply CNT sheet bent to U shape. 
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cured under vacuum, is negligible, which is better than that of the currently used epoxy and BMI.  

This composite material has no substantial expansion with increasing temperature, which makes 

it suitable for applications where a thermally stable composite is needed. 

5.5. Conclusions  

A method of fabricating CNT/DCPD sheet composite has been developed which uses 

mechanical alignment and chemical functionalization to generate composites from commercially 

available CNT sheet.  The composite produce by this method has higher tensile strength than 

aluminum and is more flexible than carbon-fiber-reinforced composites.  The thermal 

conductance and electrical resistivity of the material is 0.3 W/m-K and 2.6 × 10-3 Ω-m.  If 

vacuum cured, this material has no appreciable moisture uptake.  It can be used as an alternative 

to aluminum sheet in flexible applications where high strength and lightweight is needed. 
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